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ABSTRACT
Multiple coupled waveguide systems have been examined to determine which
operations they are capable of performing for use in signal processing applications. Two
configurations of two guide coupler switches with a single input guide have been characterized.
In the first, the input guide continues to the output of the device, and the coupled guide is
brought into proximity but is terminated before the output; in the second, the first guide is
terminated and it is the coupled guide which extends to the output of the device. The first
operates as an ideal switch with complete extinction in the output guide when the coupling
length and guide parameters are properly chosen. Complete extinction cannot be achieved in
the second switch. N guide couplers that can switch signals between outermost guides, and
from the center guide to a symmetric excitation of the two outside guides (and vice versa) have
been investigated, along with switched delta beta configurations in which improper coupling
lengths of these devices can be compensated by detuning the propagation constants of the
waveguides (via the electrooptic effect for example). The generalized N x N switch in which
an excitation of an arbitrary guide at the input to the structure can be transferred to any other
guide has been examined; this operation was found to be impossible unless the coupling
between the guides could be varied from a finite value to zero. Finally, waveguide lens devices
have been analyzed and found to be capable of combining a symmetric excitation of the N
guides to the center guide. The lens may be useful for improving the performance of a coupled
laser array (which often has a far field pattern in which the power is not concentrated in a single
lobe) by combining its output into a single guide.
Theoretical analyses of these devices using simple coupled mode theory, an improved
coupled mode theory, and an exact analysis of the slab waveguide models have been
performed. Simple coupled mode theory sometimes fails to predict imperfect switching, while
the improved coupled mode theory which takes cross power (due to the nonorthogonality of
the modes assumed by the coupled mode approximation) into account provides more accurate
results. The theoretical predictions for two guide couplers and three guide splitters and lenses
were verified by experimental results in GaAs, InP, and LiNbO3. The ideal two guide switch
was demonstrated in GaAs, in which complete extinction (to within experimental measurement
tolerances) was achieved. The three guide GaAs lens was tested in reverse with a single input,
and in-phase and alternating-phase outputs with symmetric amplitudes were observed.
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I. INTRODUCTION
A. MOTIVATION
Interest in integrated optics[1-1-1-31 for use in communications systems has been
increasing because of rapid advances in the development of semiconductor lasers and low
loss, single mode fibers. Because of the large bandwidth available from optical fibers,
devices are needed to process the high data rates which will be achievable. The
development of components for integrated optical signal processing applications has not
kept pace with that of the semiconductor lasers and optical fibers. Such devices should be
compatible with semiconductor laser sources (usually fabricated in InGaAsP on InP and
operating at wavelengths in the range of 1.1 pm to 1.5 gm), be easy to fabricate and
integrable with lasers and detectors, be compact (sizes of the order of 1 cm), have low
losses (less than 1 cm-1), and operate at high speeds (times of the order of 1 ps) with low
power requirements (powers of the order of a few mW) at room temperature. Devices
which produce or utilize short pulses at high repetition rates are especially useful for high
speed sampling and signal processing applications. Optical structures offer the advantage
of higher speed operation than electronic components, and eliminate the need for
conversion between optical and electrical signals. Furthermore, it is now possible to
couple light efficiently between strip or channel dielectric waveguides and single mode
fibers. For these reasons, waveguiding devices are good candidates for optical signal
processing applications.
This work involves an investigation of multiple, coupled, single mode waveguide
systems[1-4-1-7] and their uses in signal processing. Switching functions can be performed
using these devices, and such operations have applications in sensing (for example fiber
gyros or magnetic field sensors), data transmission, parallel processing, multiplexing,
demultiplexing, and optical computing. The structures will be examined to determine which
types of switching functions they are capable of performing. Waveguides are formed by
regions of increased refractive index in a surrounding, lower index medium, and coupled
by the overlapping of the adjacent evanescent tails of the guide field profiles; the adjustable
parameters are the strength of coupling between the guides and the extent to which they are
made nonidentical by electrically changing their individual propagation constants. These
parameters are specified in terms of the length over which the guides are coupled. Two
types of operation will be demonstrated: switching[1-4,1.51 and lensing[l-71. N guide
couplers designed with the proper coupling will be shown to be capable of transferring a
signal from one outer guide to the opposite (operating in the cross state), or by detuning the
propagation constants of the guides, causing the signal to emerge in the guide into which it
was launched (operating in the bar state). In addition, for N odd, a signal launched in the
center guide can be evenly divided between the two outside guides, and vice versa. Again,
the application of detuning allows the signal to be switched back to the input guide. This
type of operation can be utilized in high speed optical sampling schemes[1.4,1. 8-1.10i. In
both of these structures, the outputs of the couplers can be switched between the two
possible states in a single device with a specified coupling between the guides, by applying
detuning in an alternating delta beta configuration. As will also be demonstrated, a general
N x N switch cannot be synthesized in practice until a method for varying the value of the
coupling between waveguides from a finite value to zero is developed[1-61. Finally, a
device which is called the waveguide lens[1 -71 will be described. This structure is capable
of accepting a symmetric input, and transferring the signal so that it emerges in the center
waveguide. One application of such a device could be for use in combining the power
from coupled laser arrays[1 .11-1.131, which is not usually concentrated into a central lobe,
into a single beam. In particular, an equal amplitude, in-phase or alternating-phase input
can be combined into a single output waveguide.
Computer simulations of the exact solution for the slab model of the two guide
couplers and three guide lens will be compared with the predictions of coupled mode
theory. Two configurations of the two guide coupler switch will be examined. In the first,
the input guide continues to the output of the device and the coupled guide is brought into
proximity but is terminated before the output; in the second, the input guide is terminated
and it is the coupled guide which extends to the output of the device. Complete extinction
of the signal when the switch is in the "off' state will be demonstrated in the first case but
will be shown to be impossible in the second, with the achievable extinction ratio
dependent upon the strength of the coupling in the latter case. (Complete extinction is
predicted in both cases by simple coupled mode theory.) Slight deviations from perfect
transmission are found in both configurations when the switch is in the "on" state; this is of
less importance because the losses of the materials are usually much greater than these
transmission losses, and because it is the incomplete extinction of an "off' signal which
may be erroneously detected to be "on" which is likely to cause difficulties in practice. The
power transfer characteristics obtained using the slab model of the waveguide lens also
deviate slightly from the predictions of simple coupled mode theory. As will be shown in
the simple theory (see Chapter III), for a particular array of input amplitudes, the difference
between combining an input array with equal phases and combining the same array with
alternating phases is that the sign of the detuning applied to the propagation constants of the
guides must be reversed (the magnitude of the detuning is unaffected). The exact slab
analysis also requires this phase reversal of the detuning for the two inputs, but shows that
stronger detuning of the guides is required to combine an alternating-phase input than an in-
phase input. The deviation of the behavior of the slab lens from the coupled mode results
becomes greater as the coupling between the guides becomes stronger, as would be
expected because of the assumption of weak coupling required to perform a coupled mode
analysis.
In order to observe the difference in behavior of the two configurations of the two
guide switch within the framework of the approximations of coupling of modes, an
improved analysis which retains cross power terms resulting from the nonorthogonality of
the modes assumed by the coupling of modes formalism will also be described. Both
configurations of the two guide coupler will be examined to compare with the exact slab
analysis and simple coupled mode predictions.
Two and three guide couplers have been fabricated in GaAs, InP, and LiNbO 3;
three guide lenses have been fabricated in GaAs. Coupling lengths have been determined
for different spacings of the guides forming the couplers. The values obtained for the two
guide couplers, and the three guide couplers with center excitations which are to be
transferred to symmetric excitations of the outside guides, were related by 1/2 (assuming
the same guide spacings in the two cases), which is in good agreement with the simple
coupled mode predictions. Measurements of the power transfer characteristics of the two
guide switch in GaAs have demonstrated the subtle failures of simple coupled mode theory,
where ideal operation was observed with the proper electrooptic detuning of the
propagation constants of the guides in the first configuration, and non-ideal operation was
observed in the second. A three waveguide coupler designed to transfer the power from
the center guide to the outside guides was examined, and detuning could be applied to
achieve nearly complete transfer of the signal back to the input guide. The three waveguide
lens has been tested in reverse with a single input which is transferred to either an equal or
alternating-phase output using the same device, depending upon the relative polarity of the
detuning which is applied to the propagation constants of the center and outside guides. An
asymmetry in the extent to which the guides had to be detuned for the in-phase and
alternating-phase inputs again reflected the subtle failures of the simple coupled mode
analysis.
B. PREVIOUS WORK
Previous work which is relevant can be divided into three areas: theoretical
waveguide and waveguide coupler analysis, isolated waveguide fabrication and
characterization, and waveguide coupler fabrication and performance. Experimental results
which are presented here are predominantly for GaAs and InP waveguides and couplers,
but also include characterization of passive Ti:LiNbO 3 couplers.
There are many excellent tutorial type analyses of waveguides and waveguide
couplers[1-14 -1-161. Conventional simple coupled mode theory[1-17 ,1. 181 has been used to
analyze many types of waveguide structures[1.15,1.19 -1.2 11, including the alternating AP
switch[1 .22], multiple guide couplers[ 1-4 -1.6,1.10,1.23-1.25], and coupled waveguide
lenses[1 -7]. The validity of this analysis has received attention recently, and modifications
to include the effects of cross power (due to the nonorthogonality of the modes assumed by
the coupled mode formalism) have been made[1. 26-1.321. The exact slab model of the three
guide coupler has been examined by Iwasaki et. al.[1 .231, and the limitations on power
transfer for couplers formed by identical guides[1 .331 have been examined along with the
optimization of transfer when the center guide can differ from the outside guides[1 .34].
A variety of types of III-V semiconductor waveguides have been proposed. The
etched rib homojunction[ 1-35-1.451 (n- guiding layer epitaxially grown on an n+ substrate,
both of either GaAs or InP) or heterojunction[1 .36,1.46-1.521 (for example, a GaAs guiding
layer on an AlGaAs substrate, or InGaAsP on InP), is probably the most common
geometry for semiconductor guides. The guides can be either shallow[1. 37-1.439,1.4 1-1.48],
or deeply etched[ 1.40,1.50,1.53-1.581 ribs. Homojunctions using p-type material exhibit a
smaller index change from the free carrier effect in the substrate, and higher losses, than
those formed in n-type material. However, compared to n-type homojunction guides,
higher index differences due to the alloy compositions of the two materials, and lower
losses due to the absence of high carrier concentrations in the substrate, are generally
obtained in the heterojunction guides. Another method for reducing the losses is to create
buried heterostructure GaInAsP waveguides[1 .59-1- 631, in which, for example, the
waveguides are photolithographically defined in the GaInAsP layer on the InP substrate,
and InP is regrown over the surface to form symmetric guides and to eliminate the
interaction of the wave with the air. Metal strip loaded homojunction waveguides[1.64-1. 70 ]
have been characterized in GaAs and InP. Other III-V semiconductor waveguide structures
mentioned for completeness are semiconductor imbedded channel waveguides[1 -71 and
semiconductor metal diffused waveguides[1- 721. There is extensive literature on the
fabrication of Ti:LiNbO3 waveguides; the reader is referred to reviews by Marcuse[1 .731 ,
Tien[1 -74], Leonberger[- 75], and Alfemess[1 -761.
Kogelnik, Schmidt, and Alferness[. 22,1.771 have modulated two guide coupler
switches in LiNbO3. Several groups have obtained results for directional
couplers[ 1-7 1.1-78,1-791 (passive and modulated) in GaAs. Johnson[1. 64] has examined
passive, metal strip loaded two guide couplers in InP. Carenco et. al.[1 .4 1,1.42] have
characterized homojunction, etched rib, two guide, reversed AB switched couplers in InP;
coupling lengths of approximately 8 mm and switching with better than 16 dB isolation
for an applied voltage of less than 12 V have been reported for 8 .tm wide guides,
separated by 3 pm, and operating at a wavelength of 1.5 pm. Marcatili, et. al.[1 .80] have
demonstrated the operation of the two configurations of the two guide coupler in LiNbO 3.
However, ideal operation of the switch in which the input guide is the guide which extends
to the output of the structure was not demonstrated experimentally, nor was it predicted
theoretically. The reason for this is that the coupler was not designed to be the proper
length. Non-ideal operation of the other configuration where the coupled guide extends to
the output of the structure was observed, as expected. Donnelly et. al. have investigated
switching operations experimentally at X = 1.3 gm in passive, shallow, etched rib
homojunction GaAs[1.351 and InP[1 .36] structures. Coupling within approximately 3.2 mm
with less than 1% of the power remaining in the center guide has been achieved in GaAs
homojunction guides which were 4.75 tm wide and separated by 4.25 pm, and fabricated
on a 4.2 gm thick epitaxial n- layer grown on a substrate doped to a carrier concentration
of 2(10 18)/cm 3. Oxide confined rib guides in InP were observed to transfer 95% of the
power from the center guide to the outside guides within a distance of 6.4 gm; these
guides had widths and separations of 5 gm and were fabricated on a 4.5 gm thick
epitaxial layer grown on the phosphosilicate glass (PSG).
C. THESIS ORGANIZATION
In Chapter II, a description of optical rib waveguide design in semiconductors, and
electrooptic detuning of these guides, will be presented. (Ti indiffused LiNbO 3 waveguide
design will not be presented because there is extensive literature[1.73-1.7 61 characterizing
these waveguides, and most of the experimental results were obtained using semiconductor
devices.) The results obtained here will be used later to predict waveguide coupler
operation. The multiple coupled waveguide devices to be analyzed will be described in
Chapter III, along with a simple coupled mode analysis of the operation of each structure.
While the approximations of this theory usually give accurate results for designing a
coupler with weak coupling between its guides, the precise behavior of a coupled
waveguide structure cannot be ascertained, especially when the coupling becomes stronger.
(In general, guide spacings equal to or greater than the guide widths can be analyzed using
this approach.) In Chapter IV, an exact theoretical analysis of two guide, slab waveguide
switches and the three waveguide lens will be done with the aid of a computer simulation,
and compared with the coupling of modes predictions. The improved coupling of modes
analysis of the two guide coupler, which takes cross power into account, will be shown to
provide results which closely approximate those obtained using the exact analysis of the
slab waveguide model (Chapter IV) in Chapter V. The differences in coupling lengths, and
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required values for the detuning of the propagation constants and the coupling lengths will
be computed. Two and three guide couplers were fabricated in GaAs, InP, and LiNbO3.
Fabrication and testing of two and three waveguide couplers operating as switches, power
dividers, power combiners, and waveguide lenses will be described, and experimental
results will be shown in Chapter VI. While simple coupled mode theory provides good
predictions of the behavior of the coupled waveguide devices, the refined results of the
improved coupled mode theory and exact analysis of the slab waveguide model will be
confirmed by these experiments.
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II. DESIGN OF SEMICONDUCTOR INTEGRATED OPTICAL
WAVEGUIDES
An analysis of semiconductor homojunction etched rib waveguides will be
presented in this chapter. These results will be used here to determine the regimes of single
mode operation, and later to predict the characteristics of waveguide coupler operation.
The slab waveguide which is formed by epitaxially growing an undoped guiding layer on a
highly doped substrate to confine the light in one dimension will be described, and the
index change due to the presence of the free carriers in the substrate will be computed.
Parameters such as the propagation constant and effective index of a guide will be
determined, thus allowing the approximate predictions of the regimes for single mode
waveguide operation. This geometry is of interest for two reasons: first, computer
analyses of slab guide models of two of the waveguide coupler devices will be presented in
Chapter IV, and second, by using the effective index method and assuming slab
confinement in two dimensions (an asymmetric guide formed in the vertical direction with
the air, epitaxial layer, and substrate, and a symmetric guide created in the horizontal
direction by the etched rib), the rib waveguide can be modeled. The results of the effective
index analysis for two dimensional confinement, using the nominal parameters of the actual
devices fabricated in this work, will be presented. Finally, the material parameters of the
111-V compounds GaAs and InP, such as the effective mass, bandgap energy, refractive
index, and electrooptic coefficient, will be summarized. The crystal structure, and
orientation of the sample for waveguide formation and for application of a voltage to detune
the propagation constants of the guides will be discussed. The waveguide parameters
determined in this chapter will be useful for approximating coupler behavior in later
chapters.
A. SLAB WAVEGUIDES
Light can be guided by increasing the refractive index in the region of a sample
where a waveguide is to be formed. A slab waveguide consists of a thin, higher index
layer grown epitaxially on a lower index substrate. Light is guided in one dimension in the
direction perpendicular to the plane of the sample. Semiconductor waveguides will be
examined here because most of the results which will be presented were obtained in GaAs
or InP devices; there is extensive literature on Ti-indiffused LiNbO3 waveguides[2.1-2.4.
The analysis of slab waveguides, which are formed by growing a thin, unintentionally
doped guiding layer on a highly doped substrate, involves first calculating the index change
in a semiconductor caused by the presence of free carriers. This enables one to then use the
effective index method to determine and characterize the propagation of the modes of the
slab guide.
1. Confinement by Index Change Due to Free Carriers
Slab waveguides can be formed in GaAs or InP by epitaxially growing a higher
index, guiding layer on the semiconducting substrate (see Fig. II.1). In homojunction
waveguides the composition of the epitaxial layer and substrate are the same; the substrate
is doped to have a high carrier concentration of approximately 1 (101 8)/cm 3 or more to
reduce its refractive index, and the guiding layer is grown to be as pure as possible with
unintentional doping of 5 (1015)/cm3 or less. Confinement is due to the negative plasma
contribution of free carriers to the index of refraction, thus lowering the index in regions of
higher carrier concentrations. This index change due to the free carriers[ 2.5] is given by
An, where
nc = no
X
nf > ns > no
ns > no
Figure 11.1
Slab Waveguide Geometry
Substrate index given by n, film or guiding layer
index by nf,and cover (air) index by nc = no
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Here, N is the carrier concentration of the n+ substrate, X0 is the wavelength of the optical
signal, n is the index of refraction of the semiconductor at Xo, and c is the velocity of light
in a vacuum. (It is assumed that the carrier concentration of the guiding layer is negligible
compared to that of the substrate.) For a substrate carrier concentration of 1018/cm3, An
can be calculated (using values which are presented in (2.15) in Chapter II.C) to be
0.00330 and 0.00306 for GaAs and InP, respectively.
The expression for the layer thickness at the cutoff of the higher modes of the
guiding layer can be approximated[2.51 by assuming that the modes are the antisymmetric
modes of a symmetric guide which is twice its width so that:
d= 2o (2.2)4e 2N
where d is the layer thickness. At X0 = 1.3 gm, for a substrate carrier concentration of
(1018)/cm3, the layer thicknesses to support a single mode are in the approximate ranges:
GaAs 2.16 pm < d < 6.49 gm
InP 2. 32 m < d < 6. 96 jim.
A layer thickness of 3 to 3.5 [tm was chosen as a compromise between the lower loss of
thicker layers and the stronger coupling of thinner layers.
The losses of these structures are determined by the imaginary part of the complex
index of refraction, and the absorption a increases with an increase in the free carrier
concentration in the material. An approximate proportional expression for this absorption
is given by[2.6]:
Ne3X2
4or m*2 pnt0 c3 (2.3)
where n = n, - An, g is the carrier mobility, and to is the cutoff thickness for the lowest
order mode. At Xo = 1.3 prm in n+ GaAs with a carrier concentration of 1 to 2 (1018),
losses in excess of 10 to 20 cm- 1 (40 dB/cm) can be expected[2 .5]. This sets a lower limit
on the losses of homojunction waveguides operating below the bandgap of approximately
2.5 dB/cm due to free carrier absorption[2.6], depending upon the extent to which the field
profile penetrates into the substrate. Deep impurity levels can also contribute to absorption
at energies below the bandgap energy. Near and above the bandgap, absorption increases
substantially due to excitons and band filling effects.
2. Effective Index Analysis
The effective index [2.7-2.101 of the slab waveguide can be determined using an
exact analysis to compute the propagation constants of the modes of the structure. The
details of the exact slab guide analysis are described in Chapter IV; here the relevant
parameters for determining the regimes of single mode operation, using the values of the
effective index for various waveguide specifications, are presented. The geometry of the
structure to be analyzed is shown in Figure 11.1. The electric field profile E(x,y,z) can be
written as
E(x, y, z) = E(x, y)exp(- jpz), (2.4)
where the transverse field can be written as a decaying exponential in the substrate and
cover regions, and a weighted superposition of sin and cos functions in the guiding or film
region. The propagation constant of the light in free space is given by k, the effective
index of the guide by N, the propagation constant of the guide by P, the transverse
propagation constant of the mode by K, and the transverse decay constants in the cover and
substrate regions by c and x,. The expressions relating these parameters are:
(2.5a)
2
= k 2 (n2 -N 2 )
2 2 2
ci = k2( N2 - ni)
a2=k2(N2- n ).
(2.5b)
(2.5c)
(2.5d)
For a TE wave, the determinantal equation can be obtained by matching the expressions for
the fields at the boundaries between the regions of differing indices:
k W k Q)
1 k ()
tan km f=
The following normalized parameters are defined:
frequency :
propagation :
(2.6)
(2.7)V = kf (n2-n2),
@2 _ (20 , 2ge
b 2 2o gE,-E
asymmetry :
(N 2  ,2
(N, n .) (2.8)
n2 -n 2
n - n 2f
(2.9)
2 2
where f is the thickness of the guiding layer, k = 27i / X = k + 2 , and ne, nf, and ns
are the indices of the outside medium, guiding layer, and substrate. The determinantal
equation of the system can be rewritten in terms of these parameters as:
b + b+a
tan VV- b= 1-b 1-b (2.10)
-\/b(b + a)
1- 1-b
Equation (2.10) is used to obtain the plot of V vs b shown in Fig. 11.2 for varying a.
Cutoff of the fundamental mode occurs at b = 0, so that Vo = tan-1 a. Higher order
modes are cutoff at Vm = Vo + mir. The effective index can also be rewritten in terms of
b as
N2 =ni+ b(n - n), (2.11)
which can be further simplified if there is a very small difference in index between the film
and substrate ([nf - ns] / nf <<1) to
N ~ n,+ b(n, - n,). (2.12)
The effective guide width w is given by:
w=f + (2.13)
and the normalized guide width W by:
0 2 4 6 8
V = kf(nf2 -
10
ns2)1/2
12 14 16
Figure 11.2
Slab Guide Index b vs Normalized Frequency V for TE Modes
Various values of asymmetry shown for
three lowest order modes (m = 0, 1, 2)[2.91
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The normalized effective guide index W is plotted as a function of V for the lowest order
TE mode in Figure 11.3.
B. ETCHED RIB WAVEGUIDES
1. Effective Index Analysis
The rib waveguide geometry provides confinement of the field in two dimensions:
the slab gives vertical confinement, and the index difference caused by the change in slab
thickness gives lateral confinement. The geometry of such a structure is shown in
Fig. II.4. Using the method of Kogelnik and Ramaswamy[2.8], the small change in index
caused by the rib can be predicted by a two-step analysis (see Fig. 11.5). First, the three
layer asymmetric slab waveguide in the vertical direction can be characterized to determine
the effective index of each of the regions. Then, the three layer symmetric slab waveguide
in the horizontal direction can be analyzed using the same method. Good agreement
between the predictions of this method and actual guide behavior are obtained when the rib
height is small (creating only small discontinuities in the transverse field profiles), and
when the slab height adjacent to the guide is far from cutoff. Both of these constraints are
satisfied in the guides to be analyzed here, because the goal is to fabricate couplers in which
the confinement is not too strong, and the signal can couple through the region between the
guides without excessive loss.
Waveguides which are 8 gm wide and etched to a depth of 0.5 gm, formed on a
GaAs substrate with a carrier concentration of approximately 2 (10 18)/cm 3 on which a
3.25 ptm thick guiding layer of low carrier concentration has been epitaxially grown, will
Cl
CL
2 /0 I 2 3 4 5 6
V = kf(nf2 - ns2)1/2
Figure 11.3
Normalized Slab Guide Width W vs Normalized Frequency V for m = 0 TE Mode
Various values of asymmetry shown[2.91
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Figure II.4
Rib Waveguide Geometry
Film or guiding layer is etched to provide lateral confinement of the mode
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Figure 11.5
Two-Step Effective Index Analysis of Rib Waveguide
a. Effective slab index is first determined in the vertical direction
b. Effective index caused by the rib is determined in the horizontal direction
be analyzed to ascertain single mode operation. These are the nominal parameters for the
waveguides which were fabricated in this work. The range of guide widths for which a
single mode is expected to propagate will be determined.
First, the confinement in the vertical direction will be examined. For GaAs, using
(2.1) and the value of nf = 3.413, An ~ 0.0066, so that n, ~ 3.4064. For InP,
nf = 3.205, An ~ 0.0061, and n, = 3.1989. The relevant parameters are then:
GaAs InP
a = 2. 353 (102)
V ~1. 506
V ~ 4. 647
b 0.69
=16. 486
N = 3. 4110
a ~ 2. 354 (102)
V0  1. 506
VI 4. 647
b 0.69
@~ 15. 481
N = 3. 2031.
The film thicknesses for cutoff of the two lowest order modes for GaAs and InP
respectively are then:
GaAs InP
f0 ~ 1. 47 gm
fl ~4. 53 ptm
f~ 1. 57 gm
f ~ 4. 86 gm.
It is therefore seen that a guiding layer thickness of 3.0 to 3.5 gm is in the range of single
mode operation for both GaAs and InP for the index change created by 2 (1018)/cm3 free
carriers in the substrate. If the carrier concentration is reduced by a factor of two, the
results change noticeably:
GaAs InP
f0 2. 10 pm
fi 6. 43 gm
f 0 2. 25 pm
f 1 6. 89 gm.
The next step is to divide the rib waveguide into three regions as shown in
Fig. 11.5. Regions 1 and 3 will have the same effective index because the film thickness is
the same. Region 2 will exhibit a higher index as a result of the thicker guiding layer.
These regions form a symmetric slab waveguide in the lateral direction. Note that there is
no cutoff for the lowest order mode in a symmetric guide (a = 0). Here, the superscripts
denote the region, and the results are
V ()2. 822
b (, 0. 35
16. 475
N ~ 3. 4087
V (2) 3. 3350-
b ~0. 49
(3 16. 479
N ~2) 3. 4096.
for GaAs, and
V ~ 2. 632
b 3) 0. 28
(1, 3)p~ ~15. 469
N ~ 3. 2006
(2)V ~ 3. 111
0 3 -
bE~O. 45
p" ~ 15. 474
N 3.2016.
for InP. For the symmetric guide, a =0, VI = ir, so that the guiding layer thickness at
cutoff for the second mode is approximately 8 gm for both GaAs and InP with substrate
carrier concentrations of 2 (1018)/cm 3. This increases to approximately 12 pm for carrier
concentrations of (10 18)/cm 3. (As will be seen later in Chapter VI, this is in good
agreement with the experimental results.) For an 8 pm wide guide, the effective index and
propagation constants are:
GaAs InP
NE 3. 4123
P ~16. 493
N~ 3. 2043
p ~ 15. 487.
2. Losses
The highly doped substrate introduces losses as discussed in Section A. 1.b of this
chapter. In addition, the waveguide itself causes scattering into radiation modes.
Transitions between guide sections (for example, width changes, or the start or termination
of a coupled guide), rough sidewalls, metal electrodes along the guides, the boundaries of
differing refractive indices between the substrate, guiding layer, and metal or air, and
fabrication imperfections (variations in guiding layer thickness or etched guide width) can
also contribute significantly to waveguide losses. Some of these losses can be reduced by
using shallow etch depths when forming the guides so that the field is concentrated below
the surface of the structure and is less sensitive to rough sidewalls and the interface
between the semiconductor and the metal contact or air.
C. MATERIAL PROPERTIES
InP and GaAs are direct gap, III-V semiconductors which belong to the class of
zinc-blende crystal structures[ 2 .111 (see Fig. 1.6). The bandgap Eg and lattice constant ao
at room temperature, the index of refraction n at X = 1.3 min, and the effective mass m*
are shown below for both materials[ 2.12-2.17].
GaAs InP
E9 1. 42 eV 1. 35 eV
ao 5. 65 A 5.87 A
m* 0. 067 m0  0. 077 m (2.15)
n 3.413 3.205
r 4 1. 6 (10 2) 1.8 (10 12)
1. Orientation
Substrates are sliced from the boole so that the (100) direction is perpendicular to
the plane of the sample. The (011) and (011) cleavage planes are perpendicular to the (100)
direction, and to each other, which allows the formation of a rectangular sample. The
surface is polished and cleaned, and the guiding layer is then grown by liquid phase epitaxy
(LPE) or metal organic chemical vapor deposition (MOCVD). Waveguides are fabricated
along the (110) direction, with trapezoidal profiles[2.181 as shown in Fig. 11.7. The proper
direction can be determined using an orientation selective etch.
Figure 11.6
Cubic Zinc-Blende Crystal Lattice *
The crystal is composed of two interpenetrating FCC lattices displaced by (1/4, 1/4, 1/4)
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2. Electrooptic Effect
Because the cubic zinc-blende crystals do not have inversion symmetry, an electric
field can be applied to the waveguides to detune the propagation constants by changing the
Aindex of the guides via the linear electrooptic effect. A z-directed (100) field causes the
principle axes of the index ellipsoid to rotate as shown in Fig. 11.8. The rotated axes
A A A Abecome x' in the (011) direction, and y' in the (011) direction. The z = z' axis is
unaffected by the application of an electric field Ez. The index ellipsoid is described by
(-)x2+( 1 ) y2+ (! z2( +2 yz + 2 xz +2( ) xy = 1, (2.16)
1 2 3 4 5 6
where the subscripts are given in the contracted notation
11 12 13 [1 6 5 ~
21 22 23 e[6 2 4J, (2.17)
31 32 33 5 4 3
and the change in refractive index due to the linear electrooptic effect is given by
A = r UE . (2.18)
In the cubic zinc-blende crystals (InP and GaAs), the index of refraction is isotropic (no
along each of the three major axes), and the only nonzero electrooptic coefficients are
A
r41 = r52 = r63. For an electric field applied along the z direction, the equation for the
index ellipsoid becomes
x2 y2  z2
2 2 +2 xy =1,
n0 n0 n0 4
40
AjY \JU
X' (01 )
'( 01)
Index Ellipsoid:
I r E, ' + (-1
0 0
- r 4,E,)y 2 +-n2z =
0
n= n,(1 -
n' =n,(1+
1 2
-r 4 n2 E.)2 2
1r41 n2 E.)
Figure 11.8
Electrooptic Effect on Zinc-Blende Crystal Axis Orientation
Principle axes of the crystal rotate by 450 in the xy plane
A
with the application of a-z directed electric field
A
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/
and the indices along the principle axes become the following:
13
nXI,= no - In 3r 41Ez, (2.20a)
ny,=n+ in 3r 4EZ, (2.20b)2 0 4
n,=n ,= no. (2.20c)
AThe TE mode has its electric field along the x' direction and, as can be seen from
Figure 11.8, will experience a change in refractive index of An so that n = no - 8n, where
8n= in3r E (2.21)2 0 41 Z'
A
and Ez < 0 in this geometry. The TM mode has its electric field along the z direction, and
therefore will experience no change in index with an applied Ez. The value of r41 is
approximately 1.8 (10-12) m/V for InP, and 1.6 (10-12) m/V for GaAs. For a given
change in index 8n, the phase shift of an optical signal can be calculated from
nLn3r V
A0= d - (2.22)
For L ~ 5 mm, at Xo = 1.3 gm, a maximum phase shift of n can be achieved with a
voltage V ~ -25V, which is below the breakdown voltage of either material.
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III. SIMPLE COUPLED MODE ANALYSIS OF
MULTIPLE COUPLED WAVEGUIDE DEVICES
Simple coupled mode theory[3 .1-3 .3] can be used to obtain good predictions of
multiple coupled waveguide device operation in many cases, especially when the guides are
weakly coupled, while requiring the minimum of computational complexity. Waveguide
couplers and lenses will be described and analyzed using this approach. As will be shown
later, the qualitative results are almost always accurate, but in some structures, the theory
must be ammended to allow precise determination of coupler parameters (coupling
coefficients, coupling lengths, and detuning of the propagation constants), and achievable
extinction ratios in coupler switches. The guides are assumed to be weakly coupled so that
the propagation constants of the modes of the coupler are close to those of the individual
guides forming the structure. In this chapter, waveguide couplers will be examined using
simple coupled mode theory to determine which functions can be performed by such
structures. The results obtained for two guide coupler and three guide lens devices using
this approach will be compared to the exact analysis of a slab waveguide model in
Chapter IV, and those for the two guide coupler will be refined in the improved coupled
mode analysis summarized in Chapter V.
Waveguides can be coupled by placing them in proximity so that the evanescent tail
of the mode of one guide overlaps the guide which is to be coupled. If the coupling K is
sufficiently weak (a condition which is usually satisfied when the guides are spaced a
distance 2a equal to or greater than their widths 2d), the modes of the structure can be
approximately written as a superposition of the modes of the individual, isolated guides
forming the coupler, and coupled mode theory can be used with reasonable accuracy to
predict the behavior of the coupler. In this case, the field in guide i can be written in terms
of the modes of the isolated guides Fj(x,y) as
E (xy, Z) =la z) e(x, Y) , (3.1)
and the total field in both guides is then
E(x, y, z) = a (z)e i(x, Y) - (3.2)
The coupling of modes equations can be written for a system of N identical
waveguides as
da .(z)
dz = -J 8 a (z) - jc a a 1(z) - j 1  a i _ 1 (z), (3.3)
where the coupling coefficient K,1+1 between guides i and i+1 is given by the overlap
Kc~+ P= f f(E - Ej+ )-e -e *da, (3.4)
and the integration is over the cross section of guide i. (Ei = co everywhere except at the
location of the ih guide.) An exp (-jfz) dependence of the amplitudes is assumed, where
P is the propagation constant. The propagation constants of the individual guides can be
detuned by a small amount 6, either electrooptically, or by changing the widths of the
guides so that they are no longer identical. The solutions to the coupling of modes
equations are of the form
ai(z)=XA V(P,)e -o35
kV
where Vi(f) represents the ith element of the mode (eigenvector) associated with the kth
propagation constant (eigenvalue) Pk. This is a linear approximation to the equations
which describe the coupled waveguide structure, and can be solved simply as any linear
system in which the solutions are written as a weighted superposition of the characteristic
modes which satisfies the boundary (or initial) conditions. The ith element of the kth
eigenvector represents the contribution of the kth mode to the excitation of the ith
waveguide. The Ak specifies the amount of the kth mode which contributes to the
excitations of the guides, and is determined by the initial conditions at the input to the
coupler. Each mode has a different propagation constant; all propagate with $o plus or
minus a perturbation which can be computed using this analysis. The effect of the $o
dependence is to impart a uniform phase shift to the output signal emerging from each
guide of the waveguide coupler, without affecting the relative guide excitations. For this
reason, the exp (-jfoz) dependence is assumed but not written explicitly.
A. DEVICE DESCRIPTIONS
The two guide coupler[3.4 -3.7] has been extensively analyzed and characterized. As
is well known, the power launched in one guide of a two guide coupler formed by identical
waveguides will completely couple to the other guide in one coupling length Le(2), and will
then return to emerge in the guide which was initially excited if the structure is two
coupling lengths long. The three guide coupler is capable of transferring a signal between
outermost guides, or alternatively transferring an excitation of the center guide to a
symmetric excitation of the two outer guides. As will be computed later, the coupling
length Lc(3) of the three guide coupler is related to that of the two guide coupler by
L ( = - L (3.6a)
and
L V= L (3.6b)
respectively, for the two types of transfer described above, assuming the coupling between
the guides is the same in all cases. Using simple coupled mode theory, higher order
systems composed of more guides can also be analyzed in the same way as two and three
guide couplers, relating the coupling lengths to those shown above.
The operation of couplers which have been fabricated is, of course, not ideal.
Typically, it is difficult to achieve better than 20 dB extinction in one guide. Some of the
reasons for this are the difficulties encountered in fabricating a structure with identical
waveguides which have no width variations along the entire length over which they are
coupled, and one which is precisely the desired length. If the propagation constants of the
guides can be controlled, an alternating AP scheme[ 3.81 can be used to compensate for
couplers which are not precisely the length required for ideal operation. In addition, the
input coupling affects the extent to which each of the characteristic modes of the structure is
excited, and hence the specification of the initial conditions of the coupler, and the output
coupling affects the amount of each mode which contributes to the observed signal. The
input and output conditions can be carefully characterized, and this information can be used
to improve the predictions of coupled mode theory. (As will be shown in Chapters IV and
V, ideal operation cannot be achieved with certain input/output boundary conditions.)
Tapered input and output sections have also been suggested[3.9 ; however, more precise
analysis is required to determine the improvements which can be expected in this type of
structure. It is difficult to overcome the variations resulting from imperfections in the
widths or depths along the waveguides. This can cause noticable difficulties in the
reproducibility of semiconductor guides formed by an epitaxially grown layer, as the layer
thickness often varies along the sample.
1. Waveguide Switches with Alternating A@ Detuning
a. Transfer Between Outermost Guides
A system of N coupled waveguides can be designed with the appropriate coupling
strength between adjacent guides to transfer a signal launched in one outermost guide to the
opposite[3.101. The length of such a structure will be referred to as the (synchronous)
coupling length. By properly detuning the propagation constants of the guides, the signal
will emerge at the output in the same guide upon which it was incident. For a structure
which is slightly too long, if detuning is applied in an alternating AP configuration, the N
guide coupler can be electrically controlled so that (within the coupling of modes
approximation) complete extinction can be achieved in either extremal guide, and the signal
will have completely transferred to the guide on the opposite side[3.113. In couplers which
are designed to be exactly two coupling lengths long, the signal returns to the initially
excited guide. The transfer characteristics of the N guide coupler can be sharpened as the
number of guides increases if the coupling length of the structure is kept the same; the
penalty in this case is that the strength of the coupling between adjacent guides must also
increase. Higher order couplers may then be used to perform sampling functions in which
sharper signals could offer improved operation[3.10 .
b. Power Splitters / Combiners
A system of N (odd) coupled waveguides can be designed with the appropriate
coupling strength between adjacent guides to transfer a signal launched in the center guide
to a symmetric excitation of the two outermost guides[3.i 0 . By properly detuning the
propagation constants of the guides, the signal will emerge at the output in the center guide.
If detuning is applied in an alternating A$ configuration, for a structure which is slightly
too long, the coupler can be electrically controlled so that (within the coupling of modes
configuration) complete extinction can be achieved in either the center guide or the two
outermost guides, and the signal will have completely transferred to the two outer guides
or the center guide, respectively[3.11]. As in the case of transfer between outermost guides,
the characteristics are sharpened by higher order couplers if the coupling length is kept
constant. Possible applications of this type of operation include power splitting and
combining, and couplers may be used rather than Y branches.
c. Generalized N by N Guide Switches
It will be demonstrated that the general, one dimensional, N by N coupler cannot be
designed using current waveguide fabrication technology[3 .12]. It is impossible to transfer
a signal from one arbitrarily chosen guide to another without the capability of adjusting the
values of the coupling coefficients from a finite value to zero. The analysis will be shown
for the case of a three guide coupler, where transfer from the center guide to one outer
guide is found to be impossible without completely decoupling the opposite outer guide (in
effect creating a two guide coupler).
2. Waveguide Lenses
It has been demonstrated using coupled mode theory that it is possible to transfer a
symmetric excitation of an array of N (odd) guides to the center guide[3.131; this will be
referred to as the lens operation. The coupling coefficients and detuning constants must be
properly adjusted to perform this function. Because it is a symmetric operation with
symmetric inputs and outputs, all the system parameters will also be symmetric. In
particular, an array of in-phase or alternating-phase, equal amplitude signals can be
combined to emerge in a single output waveguide. It may therefore be possible to improve
the far field pattern of laser arrays using a device of this type.
Each of the operations described can of course be run "backwards." Cases L.a and
1.b do not require detuning of the propagation constants; however detuning can be used to
compensate for certain fabrication tolerance errors or to perform multiple operations using
the same structure, as will be shown. The general asymmetric coupler of case 1.c with
(N - 1) Kn and N Sr will be examined, and it will be demonstrated in the third order
system that even with tuning there are not enough degrees of freedom to satisfy the
constraints for arbitrary switching from one guide to another[3.121. In the lens operation of
case 2, it is required that the guides' relative detuning be specified. Thus, N - 1 degrees
of freedom resulting from the (N - 1)/2 symmetric K,, and (N - 1)/2 of the symmetric S,
are all constrained, leaving one 8 which has the effect of shifting the overall phase of the
output signal emerging from the structure. Therefore, tuning cannot necessarily
compensate for all fabrication imperfections.
B. SIMPLE COUPLED MODE ANALYSIS OF DEVICES
The coupling of modes equations for such a structure are:
da n
dz n- a +jrcan++ jI C_ a _, (3.7)
where an is the amplitude of the field in guide n, and 1 n N. Coupling between
nonadjacent guides is neglected, and Kn are assumed to be real. Only systems in which the
Ka are symmetric, with Ko = KN = 0, and the 5n are symmetric or antisymmetric, will be
shown to perform operations of interest. An exp (-jfz) dependence of the field amplitudes
is assumed, which results in real propagation constants (eigenvalues) of the system. The
operation of the waveguide couplers within this approximation can be envisaged by
examining the characteristic modes of the structure (given by the eigenvectors) as they
propagate along the length L over which the guides are coupled. The three waveguide
coupler will be analyzed in detail, and results for higher order couplers will be presented.
The operations described above in Section A will be examined.
1. Waveguide Switches with Alternating AP Detuning
a. Transfer Between Outermost Guides
The Nth order coupled waveguide system which is capable of transferring a signal
between outermost guides[3.10,3.111 is shown in Fig. 111.1. Figure III.1a shows the
coupler with a single section of alternating phase AD detuning, and Fig. III. lb shows two
sections of detuning (the use of which will be discussed in detail later in this section). The
coupling of modes equations for the three guide coupler with a single section of alternating
phase detuning which performs this operation are
daz 
-ja +ji 1a 2  (3.8a)
da 2
da -jriai +jia 3  (3.8b)
da
d =jr a 2+jY8S a ,1dz ia2+ 1 3  (3.8c)
where the detuning is taken to be antisymmetric, as will be discussed later, and an
exp(-jz) dependence of the solutions is assumed. In the absence of detuning, 6 = 0, and a
signal launched in guide n = 1 will emerge in guide n = 3 after propagating an odd number
of coupling lengths L,(3 ) (0 state), and in guide n = 1 after an even number of coupling
lengths (@state).
This can be seen by examining the characteristic modes of the synchronous system
as they propagate along the z direction with an exp(-jpz) dependence (see Fig. 111.2). The
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Characteristic Modes of Synchronous Three Guide Coupler
for Transfer of a Signal between Outermost Guides
eigensolutions are summed with the proper weighting at the input to satisfy the initial
conditions of the input excitation. The solutions for the amplitudes (for 81 = 0) are:
1
a1(z) = 1f(l + Cos fPz) (3.9a)
a2(z) =- j sin $z (3.9b)
a3 (z)= ( - 1+ cos Pz)- (3.9c)
At synchronism, $0 = _id are the propagation constants associated with the symmetric
eigensolutions, P = 0 corresponds to the antisymmetric eigensolution, and the coupling
length Le(3) = 1t/KiF2. (Here f represents the change in the velocity from the propagation
constant $o of an isolated guide.) A general expression for the K, for transfer in Nth order
systems[3.10 ] is given by Kc 2 = Nn - n2 , and these values are shown in Table III. 1.
Antisymmetric detuning can be applied to the waveguides to prevent transfer to the
opposite guide of the coupler. Detuning in this manner results in propagation constants
which are equally spaced, but destroys the symmetry of the eigenvectors. Because of this
equal spacing, the (formerly symmetric) eigensolutions associated with the largest and
smallest propagation constants can reverse phase, or return to the same phase, with respect
to the (formerly antisymmetric) eigensolution associated with the middle propagation
constant. A single section of detuning is sufficient to obtain the C state, in which case the
signal never completely transfers to the opposite guide, and the proper detuning brings the
two symmetric solutions back into phase with the antisymmetric solution (±PL = ±27t).
Therefore, if the length of the device is an odd number of coupling lengths, at synchronism
the signal transfers to the guide opposite the input, and with proper detuning it emerges in
the guide initially excited; in this manner a coupler with a single section of detuning can be
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used to construct a switch with an output which is electrically controllable. The solutions
for a three guide coupler with a single section of detuning become:
a,(z) = cos pz + -(1 - cos fz) + j 8 sin z (3.10a)
a 2(z) = (1 - cos $z) + j sin $z (3.1Ob)
C2
a(z) - 2(- 1+cos $z). (3.1Oc)
The eigenvectors are shown for an example of this case in Fig. 111.3 to obtain the® state
(those for the @ state are in Fig. 111.2). The switching regimes are shown in Fig. I1.4, for
normalized parameters L/Le( 3) vs AfL/7r = 26 1L/ir, along with the scale factors for
detuning in higher order systems. This switching diagram is identical to that which was
found by Kogelnik and Schmidt[3.8] for the two guide coupler with the detuning doubled in
value to obtain the three guide coupler results.
If the actual length L over which the guides are coupled is greater than the coupling
length L,(3) (or an odd multiple thereof), two sections of mismatch are required to achieve
the ® state (see Fig. III. lb). The discrete points at which the @ state can be achieved are
extended to ranges. Any interaction length can be compensated to obtain the Estate in this
configuration by applying the detuning in the same direction in both sections of the
electrodes. Therefore, an electrically controllable switch can be designed when the length
of the coupler cannot be specified precisely.
To analyze this two-section, alternating AD structure, a two-step procedure will be
used. The eigenvectors which satisfy the initial conditions and propagate from the input
z = 0 to the center of the structure z = L/2 will first be examined. Those which satisfy
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the boundary conditions at the output will then be found at z = L, and again after
propagating in the reverse direction to the position z = L/2. The solutions must match at
the midpoint of the structure, with the constraints that (i) |a I = I a3 I , and (ii) the relative
phase difference between the signals in one outside guide and the center guide is the same
as that between those in the opposite guide and the center guide. The second condition is
automatically satisfied by the equal spacing of the propagation constants. The detuning 8 is
then chosen to satisfy the first constraint. The absolute phases of the two solutions are
equated by rotating the phase of the total solution which propagated in the reverse direction
to the center of the structure, thus imparting a phase to the signal emerging in the output
plane. The eigenvectors are shown in Fig 111.5 at the positions z = 0, L/2, and L for
compensation of an improper length in the @ state. Because the detuning is reversed in the
two sections, the eigensolutions are also reversed. The switching diagram and detuning
parameters are shown in Fig. II.6. Again, as in the case of the single section of alternating
AP, the detuning parameters are related by multiplicative factors in different order systems.
This comes about as a result of the constraint that the eigenvalues be equally spaced. The@
state can be achieved when the detuning is applied with the same polarity to the two
sections, as described above.
b. Power Splitters / Combiners
The N waveguide coupler which can divide the power incident upon the center
waveguide between the two outer guides (or vice versa)[3.10 ,3 .11] is shown in Fig. III.7a
for a single section of alternating A$ phase mismatch, and in Fig. III.7b for two sections of
alternating AP detuning. The coupling of modes equations for a structure (with a single
section of detuning) which can transfer a symmetric excitation of the two outer guides to
the center guide (and vice versa) are:
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da j a +iCadz~ (3.11a)
da 2
dz =jKa 1 +j6 1 a2 +jKia 3  (3.11b)
da3
_a3- = jria 2 
-j 3*3dz (3 .11c)
Here the detuning is symmetric to allow switching operations, and therefore all operations
using this structure are symmetric. In the absence of detuning, a signal launched in guide
n = 2 will be evenly divided to emerge in guides n = 1 and n = 3 after propagating an
odd number of coupling lengths, and will return to guide n = 2 after an even number of
coupling lengths. Thus, the structure can function as a power splitter or combiner.
The solutions for the amplitudes in the synchronous system with Si = 0 are:
al(z) = a 3( z) = - j sin $z (3.12a)
a 2(z) = cos Oz, (3.12b)
so that Le(3) = ir/2$ = 7r/21i. In order to transfer in higher order systems, the 1cn are
given by Kn 2 = (N + 1)n - 2n 2 for n < (N + 1)/2; for n = (N + 1)/2, the value is
half that predicted by the formula. This anomalous behavior is a result of the fact that the
Nth order splitter is in one to one correspondence with the (N + 1)/2th order system for
transfer between outer guides. This can be seen by defining an equivalent (N + 1)/2,h
order system for the splitter/combiner, which will be denoted by primes. By symmetry,
ai = a3, and the detuning is now symmetric about the center of the structure:
da'
da '
dz
a1' + j1 ' a 2 (3.13a)
(3.13b)j8 2 a 2'+jK, a1 '.
The correspondence is completed for:
(3.14a)81 ~ =
8 21 = - 01
K1 ' =1
a1 '= a1
,1
a 2 2-
(3.14b)
(3.14c)
(3.14d)
(3.14e)
The symmetric eigensolutions of the three guide system thus correspond to those of the
equivalent two guide system. In the general Nth order splitter/combiner, the equivalent
parameters are:
N ~/"iKN-1
2 2
,1
a N = a .
2
K.' K.
a = ai
N - 1
< -2
(3.15a)
(3.15b)
(3.15c)
(3.15d)
Again, detuning can be applied as in the case of transfer between outermost guides to
switch the signal between the two output states. The same switching diagrams apply
because of the correspondence with the system which transfers between outermost guides.
The coupling length of the three guide coupler with a center excitation to be transferred to a
symmetric excitation of the outer guides is thus seen to be i2~shorter than that of a two
guide coupler.
c. Generalized N x N Coupler
The general N waveguide coupler is shown in Fig. 111.8, where no symmetries in
icn or 8n are assumed. The coupling of modes equations for the general three guide system
are:
da j8a 1 + jria 2  (3.16a)
da2
dz =jKa 1 +j8 2 a 2 +jKC2a 3  (3.16b)
da
dz = jic 2 a2 + j 3a3 - (3 .16c)
In order to determine whether any arbitrary switching operation can be performed, it is
sufficient to demonstrate one that is impossible. Consider the transfer of a signal from
guide n = 2 to guide n = 3 in a third order coupler[3.121. The determinantal equation is
obtained from the coupling of modes equations to be:
- 3 + 2(S + 82+ 63) - 0(5152+ 613 + 8263 - - i) +6 263 ~K 63 -1K82 = 0.
(3.17)
82
3
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z
Figure III.8
General N Waveguide Coupler with Adjustable Parameters in (N-1) and S (N)
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Because only the relative spacing of the eigenvalues is relevant in the determination of the
relative phases of the modes, one of the $'s can be chosen to be zero. (As stated earlier,
this affects only the absolute phase of the solution emerging from the structure.) To obtain
a solution P = 0,
i.S 3 +1C2  = 8823 (3.18)1 3 2 1 1 2 3-
The solutions for the amplitudes of the fields in the guides are functions of the distance in
the z direction along which they are coupled:
N
a(z)= 1 AV i Vp)exp (j .z) (3.19)
j=1
Aj are the weighting factors for the eigenvectors that are adjusted to satisfy the initial
conditions, and Vi(j) is the ith component of the eigenvector associated with the jth
eigenvalue (or alternatively stated, the contribution of the jth mode to the ith waveguide).
The expressions for these parameters are shown in Table 111.2, where P2 was set to zero.
At z = 0, ai(O) = a3(0) = 0. At z = Lc, ai(Le) = a2(Le) = 0 for transfer from
guide n = 2 to guide n = 3. First, the imaginary parts of ai(Lc) and a2(L,) are set to
zero, so that
A in (L ) = 0. (3.20)
A1 = 0 requires that A2 = A3 = 0, and is therefore rejected. Because the matrix
describing this system belongs to the class of oscillation matrices, the solution equating 1
and P3 is rejected; oscillation matrices cannot have degenerate roots. Therefore,
Table III. 2
Expressions for Eigenvectors Vi and Eigenvector Weighting Factors Ai
A.
V.
[3 3 - ((1+ 62)]
13113(133 - P3)
P-6 (3 03 -P) [-(P33+ Pl) +(1+62)]
22 KI1132P (13 -1P)
K- 3 1 +62) + 12- K - [ 1 -( + 2)]
KIK
sin ( iLc) = sin (f3Lc) = 0, and hence cos (1 Le), cos ($3Le)= + 1. Next, the real
parts of ai(Lc) and a2(Lc) are set to zero, requiring:
{$3 - (61 + 6 2)}cos $ 1Lc = {$1 - (81 + 6 2)}cos 33L C. (3.21)
The solution cos (03L) = cos (PiLe) = 1 is discarded, as it again gives 1 = P3 in the
above equation. Therefore, cos ($31L) = -cos (33Le) = 1. However, in substituting for
ai(z), it is found that:
a(0)= A + A 2 + A 3 =0 (3.22a)
al(1)= A + A 2 - A 3 =0, (3.22b)
and A3 = 0. The equations again collapse as A1 = A2 = 0.
The only self-consistent solution for this configuration is the trivial solution with
K1 = 0. This, however, reduces the system to the two guide coupler, with the known
solutions for transfer from one guide to the other. Because it is impossible in practice to
change the coupling in an actual device from a finite value to zero and back, arbitrary
switching operations cannot be done with an Nth order waveguide coupler.
2. Waveguide Lenses
The waveguide lens (see Fig. 111.9) is a structure which is capable of transferring a
symmetric input to the center guide[3 .131. The parameters of the three guide structure for
lens operation with a symmetric but otherwise arbitrary input excitation can be expressed
simply in closed form. Analytic expressions for the five guide lens parameters for
operation with symmetric, real inputs can also be found. In addition, particular inputs
which are real can be analyzed for systems up to seventh order using the equivalent system
S0
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N Waveguide Lens
described in Section 1.b. The results for equal amplitude, and equal or alternating-phase
inputs will be presented for systems of seventh order or less. This lens input distribution
may be used to simulate the output of the laser arrays, which tend to oscillate in antiphase.
If the amplitudes of the elements of the array are different, the solutions can be found using
this strategy to reduce the order of the equations. However, a general form of the solutions
for the Nth order lens has not been determined.
In the three guide coupler, the input to the lens is given by
a
,(O) = 1 (3.23a)
a 2 (O) = Ceo (3.23b)
a3(0) = 1, (3.23c)
where C is real, and the solutions of the coupling of modes equations become
a 1(z) = a 3(z) = cos z - sin $ sin z + j + cos l sin fz
(3.24a)
a 2 (z) =C cos cosfz + C sin $sin z +
Csin cos z cos $ sin $z (3.24b)
The signal is transferred to the center when
6 = - IcC cos (3.25a)
at a length L = tan- C sin $ (3.25b)
The parameters 8L and KL are computed for a few values of C and $ and shown in
Table 111.3. The solutions for an input with equal amplitudes (C = 1) and equal or
alternating-phases ($ = 0, n, respectively) are computed in cases 1 and 2 respectively.
Cases 3 and 4 give the results of a mixture of 90% of case 1 and 10% of case 2, and vice
versa, respectively. In case 5, C = -T, = 0 corresponds to an excitation of only the A
mode of the synchronous three guide coupler and in case 6, C = -Z, $ = 0 (or C = 4F2,
$ = 7r) corresponds to an excitation of only the B mode of the synchronous three guide
coupler. Cases 7 and 8 give the results for mixtures of the modes; 90% of the A mode and
10% of the B mode in case 6, and vice versa in case 8. The difference between
combining an equal phase and an alternating-phase input of the same amplitude ratio is in
the relative polarity of the detuning applied to the center and outside guides; the coupling
coefficients and magnitude of the detuning remain unchanged. Case 9 is a check to show
that the results for the power splitter described in Section 1.b are consistent with the
analysis presented here.
Special cases of the five guide coupler with real, symmetric inputs can also be
solved. For general real, symmetric inputs given by
a1(0) = C 1  (3 .26a)
a2(0) = C 2  (3.26b)
a 3(0) = C3' (3 .26c)
where Ci are real, the solutions for the amplitudes of the fields in the five guide lens are:
Table 111.3
Three Guide Lens Parameters for Various Equal and Alternating Phase Inputs
Case C D KL L
1 1 0 .906900 - .906900
2 1 I .906900 .906900
3 .8 0 .966758 -. 773406
4 .8 i .966758 .773406
5 - 0 .785398 -1. 11072
6 / I . 785398 1. 11072
7 8V 0 .867327 -. 981269
8 .8- V2 .867327 .981269
9 0 - 1.11072 0
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The parameters are shown for particular inputs in Table 111.4. Cases 1 and 2 again give
the results for equal amplitude and equal or alternating-phase inputs, respectively.
Mixtures of 90% of case 1 and 10% of case 2 are computed in case 3, and vice versa in
(3.27a)
+ j-
K 1
P3 K1 C (3.27b)
sin 0 z.
Table 111.4
Five Guide Lens Parameters for Various Equal and Alternating Phase Inputs
case 4. Cases 5, 6, and 7 represent the symmetric modes of a structure with five
identical, equally spaced waveguides; in case 5 C2 = 0, so that
K2 + , (3.28a)
and
1 = 2= 83 =0. (3.28b)
Cases 8 and 9 give the results for mixtures of cases 6 and 7; 90% of case 6 and 10% of
case 7 and vice versa, respectively. Case 10 is a check of the system described in
Section 1.b for the power combiner/splitter. When C1 = 0, the outermost guides are
unexcited and the only solution is that which reduces the system to that of the three guide
coupler (i.e. 1 = 0).
Finally, the method of solving for the coupling and detuning parameters by
exploiting the equivalent system of order (N - 1)/2 will be described, and the special cases
of transfer of uniform inputs with equal or alternating-phases to the center waveguide will
be analyzed. The eigensolutions will be shown in the three guide system to provide a
physical representation of the transfer.
In the third order system, the coupling of modes equations are:
dz ~ - 1 a ++jic a 2  (3.29a)
da2-
dz =jKia -js 2 a 2+jKias (3.29b)
da3
d3 = jK 1 a 2 j8 1 a3 (dz i -(3.29c)
As previously discussed, the detuning is symmetric and all operations which can be
performed are symmetric. The eigensolutions for both the equal phase and alternating-
phase input excitations are shown at the positions z = 0 and z = L, where the transfer has
occurred (see Figs. III.10a and III.10b, respectively). The in-phase excitation is
transferred for 8 = -1; the alternating-phase for 8 = K. The solutions are given by:
a1(z)= cos $z + j sin $z (3.30a)
a 2(z)= cos $z + j -21 sin z (3.30b)
a 3 (z) = cos z + j 0 sin $z. (3.30c)
The equivalent system of order (N + 1)/2 will again be examined to determine the
values of the adjustable parameters icn and Sn.
da 1'
dz J61' a,'+ j1C 1' a 2' (3.31a)
da 2 '
dz = -j 2 ' a 2 ' +jic ' a ,'. (3.3 1b)
where 81' = -82' = 81, 1(1' = Kf'id ai' = a1 , and a2' =a2/.
In the Nth order system, the objective is to transfer an input excitation with equal
amplitude and uniform or alternating phase to the guide n = (N + 1)/2. The amplitudes
of the initial excitations of all the guides are equal, except for the center guide
n = (N + 1)/2, which has an amplitude that is 1/times that of the other guides. Again
therefore, the equivalent system is not symmetric. As will be shown, all N degrees of
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freedom from the (N + 1)/2 Sn' and the (N - 1)/2 Kn' are constrained in order to perform
the lens operation. The (N+ 1)/2 propagation constants are chosen to differ by integral
multiples of 7c/Le so that (Pi -0 1)Le = (i - 1) n. This is done to insure that the phases of
the eigenvectors are related by multiples of p at positions z = pxc along the length of the
coupler and can thereby be summed with multiples of exp (±jn) = ±1. This yields
(N - 1)/2 constraints. The solutions for the equations can be written:
a i(z) = A
J (3.32)V ($j)exp (- j$z) -
where the Aj are specified by the initial conditions at z = 0:
ai(O) = JAV($)
In this structure,
(3.33)
N - 1
a.() = I- 1 (3.34)N+ 1
1 2
At the distance z = L,, it is required that:
N+ 1
2.
a1 (Lc) = 1:(- 1) AV ) =0,
j=1
N- 1
2 (3.35)
This specifies an additional (N - 1)/2 parameters, which provides a total of N - 1
conditions to determine the 1c, and all but one S. All the 5n can be shifted by a constant
which changes the values of the i while maintaining their equal spacing. The effect of this
80
shift is to change the absolute phase of the output excitation. This accounts for all N
degrees of freedom of the system. The values for the coupling coefficients and detuning
parameters are shown in Table 111.5 for the three, five, and seven waveguide lenses. A
simple relationship for the Nth order system was not found for the waveguide lens.
Table 111.5
Three, Five, and Seven Waveguide Lens Parameters
for Transfer of Equal Amplitude, Equal or Alternating-Phase Inputs
n 3 5 7
KcL 0.29 0.57 0.67
K 2L - - - 0.40 0.86
KL 0.49
q T 17a n 57 - n A7
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IV. EXACT SLAB WAVEGUIDE ANALYSIS
It is often complicated or impossible to find exact solutions to the wave equation for
many waveguide geometries. Step index, slab waveguides, however, are an exception.
Their solutions can easily be expressed in closed form[4.1- 4 .51 as combinations of sines,
cosines, and exponentials. In this chapter, these solutions will be examined for two guide
coupler switches and for the three waveguide lens in order to compare to the results
obtained using simple coupled mode theory. Computer simulations will be used to
determine the field profiles of the coupled modes, the propagation constants of the modes,
and the power transfer characteristics from the exact analysis of the slab waveguide model.
The qualitative coupling characteristics will be seen to be predicted well using the
approximate analysis. However, the precise values for parameters such as the coupling
lengths, detuning of the propagation constants, and achievable extinction ratios will be
shown to deviate from those obtained using the exact analysis of the slab model. In
general, only slight errors are observed for weaker coupling, and more noticable
differences result when the coupling becomes stronger as the guide spacing decreases to
less than the guide width. These differences occur because as the coupling becomes
stronger, the coupled mode approximation that the modes are formed by a superposition of
those of the individual guides introduces more significant errors. In addition, the precise
input/output boundary conditions for launching and detecting the signals are taken into
account in the exact analysis, as will be described in this chapter. The predictions of
complete cancellation of the modes within a waveguide will be shown to be inaccurate in
some cases. In Chapter V, higher order terms which were neglected in simple coupled
mode theory will be retained to improve the results and reproduce the relevant
characteristics of the two guide coupler which were not otherwise observed.
The guided mode of an isolated, single mode slab waveguide can be written as a
weighted linear superposition of cos and sin functions (or as a cos function only if the
structure is symmetric) within the guiding region, and a decaying exponential in the
adjacent, nonguiding region. If the width of the guide, or the index difference between the
guiding and nonguiding regions is increased sufficiently, the guide can support more
modes and becomes multimoded.
The solutions for two or more coupled slab guides can be expressed in the same
manner, provided that the guides are nearly identical. When the coupler is formed by
guides which are single moded when isolated, as will be the case for all structures to be
analyzed here, the number of modes of the structure will be equal to the number of guides.
However, if the index difference between the guiding and nonguiding regions becomes too
small, the mode with the smallest propagation constant can be cutoff and will not be
confined (i.e. will radiate power into the surrounding regions). Furthermore, if the guides
are sufficiently different, some of the parameters which are chosen to satisfy the boundary
conditions can become imaginary. For example, in the two guide coupler, the argument of
the sin and cos functions expressing the field inside the guide with the lower propagation
constant can become imaginary; the fields inside this guide can then be equivalently
represented by sinh and cosh functions with real arguments and are therefore combinations
of growing and decaying exponentials.
One of the difficulties encountered in analyzing waveguide couplers, especially
when attempting to simulate actual device parameters, is in specifying the input/output
conditions of the structure. This affects the extent to which each of the modes of the
coupler is excited at the input, and how much of each mode which has propagated to the
output will be measured. The slab model of the two guide coupler and the three guide lens
have been examined and the results of computer simulations of both structures will be
presented.
The two guide coupler will be analyzed first and the following two boundary
conditions will be examined (see Fig. IV. 1 a, b), in which there is a single guide at the
input and output of the structure:
case (i), the ideal configuration, in which one guide extends the entire length
of the device serving as both the input and output guide, with a
shorter guide of length L placed in proximity to couple to the first,
and
case (ii), the nonideal configuration, in which one guide serves as the input
guide, and terminates within the structure, while the other serves as
the output but does not extend to the input, so that the length over
which they are coupled is L.
The structures operate as intensity modulators, in which the signal emerging in the output
guide can be switched on and off. It will be shown that in case (i), complete extinction of
the signal in the "off' guide at the output of the coupler can be achieved if the length and
detuning of the structure are properly chosen. However, non-ideality occurs in the
extinction of the "off' guide in case (ii), and in the maximum transmission in both cases.
In Chapter V, the results of the computer simulations presented in this chapter of both two
guide systems will be compared to those from an improved coupled mode analysis which
predicts the nonideality of extinction in the unexcited guide in case (ii).
For the three guide lens, the particular input excitation depends upon the
application. The input could be the output mode of a coupled laser array, or any other
symmetric excitation; the device length and guide detuning depend upon the precise form of
the input excitation. In this analysis, the symmetric modes of the synchronous three guide
coupler will be taken as the input excitations to the three guide lens. The center guide
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continues beyond the coupled "lens" region to form the output waveguide; the power
transferred to this guide will be computed in this analysis. Different input distributions
should exhibit similar transfer efficiencies to those demonstrated for the cases presented
here, but will require different coupling lengths and guide detunings. Because the lens
does not require extinction of the "off' guides, the design constraints are not as stringent as
those for the two guide coupler switches were. The structure combines the power from the
input distribution; the loss of a small amount of the power is not a serious drawback. This
is especially true if the material losses are taken into consideration (they are not in this
analysis), as they would be expected to exceed the "transmission" losses caused by
imperfect design or imperfect cancellation of the modes within the structure. If a small
percentage of the power remains in the unexcited guides, the coupling region could be
terminated before the endface of the sample with only the center guide extending to the
output, or an absorbing coating could be placed over the endface at their locations.
The results of the exact analysis of the slab model of the three waveguide lens also
demonstrate the inaccuracy in the solutions obtained using simple coupled mode theory. In
the approximate analysis, for a given input amplitude distribution, a single structure with a
specified coupling length and guide detuning can be used to combine an in-phase and
alternating-phase array of guide excitations provided that the polarity of the detuning
applied to the guides is reversed in the two situations (the magnitudes are unaffected). The
exact analysis confirms this phase reversal, but also shows that stronger detuning is
required to combine an alternating-phase input. The reason for this is that the symmetric
mode of the three guide coupler in which the phases of the excitations alternate between
adjacent guides is less confined in the lateral direction (with slower decay of the exponential
tail of the field laterally outside the coupler) than the mode in which the phases are equal,
and stronger detuning of the modes of the lens is required for optimal matching.
In the analyses of both the two guide coupler and three guide lens, the guides are
assumed to have no material losses, and detuning of the propagation constants of the
guides occurs only in the regions where the guides are coupled. Reflections are neglected
at the input and output, and the power which is coupled into radiation modes at each of the
transitions between sections is assumed to be lost. Only TE modes will be analyzed.
A. TWO GUIDE COUPLER
1. Description
The closed form, exact analysis of a symmetric, lossless, slab geometry, two guide
coupler, shown in Fig. IV.2a, will be presented. Synchronous waveguides are formed by
regions of index ni surrounded by a region of index n2, where ni > n2, and are placed in
proximity in order that they are coupled. The guide width and the separation between the
guides are given by 2d and 2a, respectively. If the guides are detuned from synchronism,
the indices of the guiding regions, (denoted 1 and 2) are changed from ni to n1l and n12,
respectively. The normalized index differences between the guiding and the adjacent,
nonguiding regions are given by:
k2 -k2
2 = 1+D (4.la)
k1 -k 2
and
2 2k12 -k 2
2 1 -D, (4.1b)k 
-k 2
where kiu) = 2nnigy/ and D is the detuning of the guide indices normalized to the
difference in the indices in the guiding and nonguiding regions at synchronism. D can be
either positive or negative, depending on the polarity of the detuning and 0 IDI 1.
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Figure IV.2
Slab Model of Two Waveguide Coupler
a. Device Geometry for Guide Widths of 2d and Guide Separation of 2a;
Guide Indices nll' n12 for Detuning D-0
b. A and B Modes of Structure with Finite Detuning
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At synchronism, when D =0, the two modes of the structure are the symmetric and
antisymmetric modes, denoted A and B. For single moded guides, assuming weak
coupling and detuning (which must be the case in order to compare the exact results to
those obtained from a coupled mode analysis), the two modes of the structure will
propagate but will be distorted if detuned, and will appear as shown in Fig. IV.2b, for
example.
The solutions for the transverse electric field of each mode of the structure can be
written piecewise in each of the five regions (I - V) shown in Fig. IV.2a, and are as
follows:
I. mml exp{-G 1(x -a -2d)} (4.2a)
II. m. 2 cos{K(x - d)} + mi2 2 sin {K.1 (x - d)} (4.2b)
III. m 3 l cosh (Gix) + m 3 2 sinh (Gix) (4.2c)
IV. m 4 cos{K,(x + d) + m,4 2 sin {K ,(x + d)} (4.2d)
V. m 1 exp {G i(x + a + 2 d)}, (4.2e)
where the i denotes the mode (A or B), Kii and Ki2 are the transverse wave numbers in
guides 1 and 2, respectively, Gi is the transverse decay constant, and mijk represent the
amplitudes of the functions describing the field in the various regions. Requiring
continuity of the tangential electric and magnetic fields yields the eigenvalue equation for a
TE wave:
(S.1 + G tan S,)(G 1- 81 tan S i)(S i +G tan S 2)(G, - S 2 tan S,)
(k-k 2) d'(1-D)tan Satan S a (4.3)
=exp(- 4G1 A)
where
S =K d= k - 2 d= S2 +2(k2-kDd2D, (4.4a)
S=K d= k -Q2d S 22 (4.4b)
G= yd= @k 2 d=,k-k2  d21+ D) -S, (4.4c)
- d' (4.4d)
121112 X n 1,2,11,12' (4.4e)
and X0 is the wavelength of light in free space. The relationships between the coefficients
can also be determined from the continuity requirements, where seven of the mijk can be
expressed in terms of the eighth, and the value of this parameter is obtained by normalizing
the mode to carry unit power.
The A and B modes each have a solution from (4.3). For D > 0, SA1 (for the A
mode) is always real, and the mode is represented by (4.2). However, when D becomes
large, SA2 can become imaginary, which, as discussed earlier, means that the mode shape
in guide two is then represented by a linear combination of sinh and cosh functions rather
than the sin and cos functions in (4.2). For the B mode, both SB1 and SB2 are real for all
values of D, provided that the B mode is not cutoff. At cutoff, the B mode is no longer a
guided mode and it radiates power as it propagates. To determine the value of
(k12 - k22 )d 2 for which this first occurs (at GB = 0), the eigenvalue equation must be
solved, and it simplifies to:
C1 tan(2C 1) + C 2 tan(2C 2)
2CIC2 tan 2C1 tan 2C 2
where
= (k2 - k2)d 2 (l +D) (4.6a)
(4.5)
C2= (k -k2)d 2
C2=- ( k 2-k 2)d 2 = (kf-k2)d 2 (1-D). (4.6b)
This places a lower limit on the value of (k12 - k2 2)d 2 , or the index difference at
synchronism between the guiding and nonguiding regions at a given wavelength.
upper limit of (k12 - k22)d2 is (7C/2) 2, when an isolated guide becomes multimoded.
The propagation constants of the modes are
The
A,B (A, B)1) = k2 + (k2 - k')D - (KA))
The power measured at the output of the structure is given by
ROUT (1, 2)
p IN
2 2 +M- L )
=MA + B + 2 MAMB COS(PA~B)L,
S= e jTxh IT+e xT) -z dx j ( e xh9 +e xhe *OT, T j, T j,T our
and
(4.7)
with
(4.8)
A
.,. d x.
,1)
(4.9)
Here, T denotes transverse field (which is real), j can represent either the A or B mode, and
IN, OUT are the modes of the input and output guides, respectively. (In the two guide
structure, the input mode is always that of a single guide positioned between x = a and
x = a + d, and the output is that of a single guide which can be placed on the same or
opposite side of the coupler as the input guide, corresponding to case (i) and (ii),
respectively.) MA,B therefore gives a measure of the efficiency of the overlaps of the input
and output modes with the A, B modes, respectively. Stated in another way, these
parameters are the amounts of the A and B mode which compose the field which would be
observed at the output of the coupler. By examining the expression for the output power
(4.8), the difference between the two types of couplers of cases (i) and (ii) can be
understood.
In case (i), because the input and output guides are on the same side of the coupler,
the overlap of a mode (either A or B) of the coupler with the input mode is equal to that
with the output mode. The values of MA and MB are therefore both positive, and are
plotted in Fig. IV.3 for A = 1. As can be seen, at synchronism, MA is greater than MB,
which is a result of the shapes of the input (the same as that of the output), the A, and the B
modes. (This will henceforth be referred to as the cross power effect, and will be
approximated within the coupling of modes framework in Chapter V.) For small detuning,
the absolute value of the amplitude of the A mode increases in the guide with the higher
index and decreases in the other, while the converse is true for the B mode. This
corresponds to increasing MA and decreasing MB for D > 0 in the geometry specified. *MA
and MB change in the opposite directions for D < 0, and are seen to be equal for a
particular D <0 which depends upon the value of A. From (4.8), a zero in the output
power can be obtained in a coupler with a length L = 7/($A - OB), where $A and OB are
the propagation constants of the modes of the coupler when it is detuned so that
MA = MB. By changing the detuning to obtain (PA' - PB')L = 27r, the output can be
maximized to a value near one, and "essentially" perfect switching can be achieved.
DETUNING PARAMETER,
Figure IV.3
Plot of NIA and MB (mode excitations) vs D for Ideal Coupler of Case (i) with A = 1
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In case (ii), because the input and output guides are on different sides of the
coupler, the overlap of a mode (either A or B) of the coupler with the input mode is not
equal to that with the output mode. The input and output overlaps with the A mode both
have the same sign regardless of the value of detuning, but different magnitudes unless the
guides are synchronous. Those with the B mode have opposite signs since the B mode has
excitations of opposite sign in the two guides, and like the A mode, have different
magnitudes unless the guides are synchronous. The best extinction is then achieved at zero
detuning, because MA and MB are symmetric about D = 0, and degraded performance
results from any detuning or change in length.
2. Computer Simulation Results
For all the results shown, kid ~ 40, and 4(k 12 - k 22)"d ~ 1.5. A plot of the
normalized propagation constants ($A,B - $ 0)k1d2 vs detuning D are shown in Fig. IV.4
for values of normalized guide spacing A = 0.1, 0.25, 0.5, 1.0, where $o is the
propagation constant of a single, isolated guide.
a. Case (i): Ideal Configuration
The power emerging in the output guide, PouT(1/PIN, is plotted logarithmically as a
function of detuning in Fig. IV.5 (solid lines) for values of normalized guide spacing A of
0.1, 0.25, 0.5, and 1.0. The length of the coupler is chosen to be L # Le, where L is the
coupling length calculated from the difference in the propagation constants of the modes
when the guides are properly detuned to achieve complete extinction as discussed in
Section 1 of this chapter, and Le is the synchronous coupling length. Because this length is
chosen, the plots of the power emerging from the output guide are no longer symmetric
about D = 0. The minima in POUT(1) occur for D <0 when D is defined in the sense of
(4.1), and are actually zero to within the accuracy achievable with the computer (10-12).
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In Fig. IV.6, the dashed lines are used to plot log(1 - POUT(1)/PIN); the minimum
of this function shows how close the structure can come to achieving full transmission.
The values range from approximately -35 dB for A = 1 to -8 dB for A = 0.1. Again,
the maxima in transmission are not precisely symmetric in D because the overlap integrals
at the input and output depend on the polarity of the applied detuning.
b. Case (ii): Nonideal Configuration
The power emerging in the output guide, POUT(2)/PIN, is plotted logarithmically as a
function of detuning in Fig. IV.7 (solid lines) for values of normalized guide spacing A of
0.1, 0.25, 0.5, and 1.0. The length of the coupler is chosen to be L = Le, the
synchronous coupling length, because no improvement in extinction ratio is achieved by
changing the length over which the guides are coupled as discussed in Section 1 of this
chapter. Only D > 0 is shown, since at this length, the results are symmetric in D (the
overlap integrals at the input and output do not depend on the polarity of the applied
detuning). The maximum value of POUT(2) is obtained using synchronous guides in a
device of length Lc, while the minimum occurs when the guides are detuned. Perfect
extinction cannot be achieved; the minimum in POUT(2/PIN ranges from approximately
-25dB for A=1 to -8dB for A=0.1.
In Fig. IV.8, the dashed lines are used to plot log(1 - POUT(2)/PIN). The values
range from approximately -36 dB for A = 1 to -18 dB for A = 0.1. Again, the maxima
in transmission are symmetric in D at the synchronous coupling length.
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Figure IV.6
Logarithmic Plot of (1 - POUT(1)/Pn) vs Detuning for the Coupler of Case (i).
Transmission Maxima for Normalized Guide Spacings of A = a/d = 0.1, 0.25,
0.5, and 1.0 Occur at D = 0.3832 and -0.3703, 0.2486 and -0.2450,
0.1263 and -0.1260, and 0.0355 and -0.0355, respectively
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Figure IV.7
Logarithmic Plot of POUT(2)/PIN vs D for the Coupler of Case (ii).
Transmission Minima for Normalized Guide Spacings of A = a/d = 0.1,
0.5, and 1.0 Occur at D =.0.3669, 0.1236, and 0.0354, respectively
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Figure IV.8
Logarithmic Plot of (1 - POUT(2)/PI) vs Detuning for the Coupler of Case (ii)
for Normalized Guide Spacings of A = a/d = 0.1, 0.5, and 1.0.
Transmission Maxima Occur at D = 0
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B. THREE WAVEGUIDE LENS
1. Description
The symmetric three guide lens formed in slab waveguides is shown in Fig. IV.9.
The guide width and the separation between the guides are given by 2d and 2a,
respectively. At synchronism, the waveguides are formed by regions of index ni
surrounded by a region of index n2, where ni > n2. When the guides are symmetrically
detuned, as is required to perform the lens operation, the indices of the outside guides are
given by n11 and that of the center guide by n12. The normalized index differences are as
follows:
(k2 - k)uki- D = 1 + D
(k - k 2) (4.10Oa)
and
(k - k 2)
2  =1-D, (4. 1Ob)(k 
- k )
where kiU) = 2tnig/A and the detuning D can range from 0 ID I 1.
The synchronous coupler has two symmetric modes and one antisymmetric mode;
symmetric detuning preserves this characteristic of the coupler, while changing the relative
excitations of the guides in the symmetric modes. The symmetric mode with excitations of
the same sign in all three guides will be referred to as the A mode; that with a contribution
of the opposite sign to the center guide will be referred to as the B mode. The C mode is
the antisymmetric mode. Since the lens performs only symmetric operations, the
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n1l > n2
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Figure IV.9
Slab Model of Three Waveguide Lens with Guide Widths of 2d and
Guide Separations of 2a, and Guide Indices n1 1 n 12 for Detuning D-0
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antisymmetric solution will not be excited and will not be of interest henceforth in the
analysis of the waveguide lens.
The analysis follows that of the two guide coupler presented in Section A. 1 of this
chapter. The field solutions for each mode of the structure can again be written piecewise
in each of the seven regions (I - VII) shown in Fig. IV.9.
I. MM exp {- G (x - 2a -3 d)} (4. 11a)
II. m 2 cos{K (x - 2a - 2d)} + m j2 sin {K (x - 2a - 2d)} (4.11b)
III. m cosh G.(x - a - d) + m 02 sinh Gi(x - a - d) (4.1lc)
IV. m 4 l cos(K 2 x) + m 42 sin (Ki 2 x) (4.11d)
V. m 1 cosh G,(x + a + d) + mi5 2 sinh G i(x + a + d) (4.11e)
VI. mi 6 1 cos{K (x + 2a + 2 d)} + m 6 2 sin {K 1 (x + 2a + 2d)} (4.1 If)
VII. m M exp {G,(x + 2a + 3 d)}, (4 .11 g)
where i denotes the mode (A or B), Kii and Ki2 are the transverse wave numbers in the
outside and center guides, respectively, Gi is the transverse decay constant, and mijk
represent the amplitudes of the functions describing the field in the various regions.
Requiring continuity of the tangential electric and magnetic fields yields the eigenvalue
equation for the symmetric modes of a TE wave:
(S tan Sjl -G,)(G, tan Si +S )(Si tan S2 - G
(k' - k )d 2 tan S i(S tan S i + G.)
j)
=exp(- 4G.A) ,
(4.12)
where i = A or B (symmetric modes),
S 1 1 = K 1d = k 2- $p2 d=
Si2 =K d= kZ2-32d=1
S 2+2(k 2i2I - k2 d
2D
S -2(ki- k)d 2 D
Gi=yd= ~ 2 -k d= (k2 - k2)d2(1
A= aAd
k =2 ,
and Xo is the wavelength of light in free space.
Cutoff for the B mode occurs when GB =0, placing a lower limit on the value of
(k12 - k22)d2. The eigenvalue equation reduces to
2C1 tan C1 + C2 tan C 2 (1 - tan 2 C1)
4CC2 tan CI tan C 2
-A, (4.14)
C, = (k - k2)d 2
C 2 = (k12 -k2)d 2
= (k - k)d2(1+ D)
= (k - k)d2(1 - D).
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(4 .13a)
(4.13b)
+ D) - S2 (4.13c)
(4.13d)
(4.13e)
where
and
(4.15a)
(4.15b)
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The upper limit of (ki 2 - k22)d 2 is again (/2) 2, when an isolated guide becomes
multimoded.
The propagation constants of the symmetric modes are given by 1A,B:
A,B (A, B)1)2_=_k_+_(k_-_k__D_-_(K(A, B).12
By choosing the proper detuning of the guides and coupler length, the power measured at
the output of the structure, given by
Pour 2 2
=M +MB + 2 MAMB cOS(PA - 0 B
can be maximized. Here, as for the two guide coupler, (using the same notation),
=j f(ej hIT+ N hj )-zd I e~**~ 'OU,T xhj,T +ej,T hOTT) dx
M =T xh + 4 h dx je xhi +e* xiihO -) /dx.
(4.18)
In the lens, the output guide is always the center guide. Two cases of input excitations will
be examined: case (i) is the A mode of a synchronous three guide coupler, and case (ii) is
the B mode. (Any input or output could be used, depending upon the particular application
or signal which is to be combined.)
2. Computer Simulation Results
For all the results shown, k1d = 40, and 4(k12 - k2 2)d = 1.5. The three guides
have equal widths 2d; guide separations (normalized to guide widths) A = a/d ranging
from 0.5 to 3.0 have been examined. It is necessary to symmetrically detune the
propagation constants of the guides (see (4.10)), as was also discussed in the coupling of
modes description of the waveguide lens presented in Chapter III. The normalized output
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power emerging from the center guide POUT/PIN vs detuning D is plotted linearly in
Figs. IV.1Oa and IV.1Ob, and logarithmically in Figs. IV. 11a and IV.11 b for guide
separations of 0.5, 1.0, 2.0, and 3.0. (Note that the horizontal scales in Figs. IV.10 and
IV. 11 are not all the same.) The solid lines correspond to an A mode input excitation (case
(i)), and the dashed lines correspond to a B mode input excitation (case (ii)). For detuning
applied in the sense given by (4.10), positive detuning is required to combine the power in
case (i) and negative in case (ii), as was determined in the coupling of modes analysis.
As is expected, weaker coupling between the guides results in better agreement with
the coupling of modes predictions of complete transfer. To determine deviations from
complete transfer, log (1 - PoUT/PIN) has been computed. Values of -2.7, -3.6, -5.5, and
-7.5 for case (i) and -1.8, -3.2, -5.4, -7.2 for case (ii) correspond to A = 0.5, 1.0, 2.0,
and 3.0, respectively. These results show that the simple coupling of modes analysis
provides excellent predictions for A > 1.0, with good results (power transfer efficiencies
of 99.8% and 98.6% in case (i) and (ii), respectively) even when A = 0.5. Because the
lens is expected to be used for power combining rather than switching applications, these
efficiencies will result in reasonable device operation. (Material losses would be likely to
exceed these losses in any practical device.) Nulls in the unexcited guides were not
examined for the same reason. Normalized coupling lengths L/d of 4.71 (102),
1.47 (103), 1.53 (104), and 1.64 (105) for case (i) and 3.76 (102), 1.33 (103),
1.51 (104), and 1.64 (105) for case (ii) were obtained for normalized guide spacings of
A = 0.5, 1.0, 2.0, and 3.0, respectively. In Fig. IV.12a, the synchronous input A mode
is shown with a solid line for A = 0.5; in Fig. IV. 12b, the A and B modes of the coupled
three guide structure with the appropriate detuning to combine the input A mode are shown.
The sums of the modes respresenting the excitation at the input, and the sum after the
modes propagate along the structure showing the signal at the output are shown in
Fig. IV. 13. The synchronous input B mode and coupled waveguide lens modes for this
input are shown in Figs. IV.14a and IV. 14b, respectively, for A = 0.5. The sums of the
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Figure IV.10
Linear Plot of PoUr/PN vs D for Lenses of Case (i) (Input A Mode,
Shown in Solid Lines) and Case (ii) (Input B Mode, Shown in Dashed Lines).
Transmission Maxima for Normalized Guide Spacings of:
a. A = 0.5, in case (i), POUTR/PIN = 0.99792568 at D = 0.0835,
and in case (ii), POUTR/PIN = 0.98574850 at D = -0.1429; and
A = 1.0, in case (i), POUT/PIN = 0.99972705 at D = 0.0302,
and in case (ii), POUTR/IN = 0.99932452 at D = -0.0377
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Figure IV.10
Linear Plot of PoUT/PI vs D for Lenses of Case (i) (Input A Mode,
Shown in Solid Lines) and Case (ii) (Input B Mode, Shown in Dashed Lines).
Transmission Maxima for Normalized Guide Spacings of:
b. A = 2.0 in case (i), POUT/PIN = 0.99999650 at D = 0.003 1,
and in case (ii), POUT/PIN = 0.99999603 at D = -0.0032; and
A = 3.0, in case (i), POUT/PIN = 0.99999997 at D = 0.0003,
and in case (ii), POUT/PIN = 0.99999994 at D = -0.0003
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modes for this initial excitation are given in Fig. IV. 15. The analysis was repeated for
A = 1.0, and the results appear in Figs. IV.16 to IV.19. As can be seen, the modes do
begin to show slight distortion when A = 0.5. Because the coupled modes now differ
slightly from those which would be obtained from a superposition of the modes of the
isolated guides, the results of a simple coupled mode analysis may deviate from the actual
characteristics of the structure. These differences will now be examined.
The results show that for a given input amplitude distribution, when the phases of
the excitations of the guides alternate in phase (here, the B mode input), the relative polarity
of the detuning applied to the center and outside guides must be reversed from that which is
needed to combine in-phase signals (here, the A mode input). This is in agreement with the
predictions of coupled mode theory. However, as becomes evident when the normalized
guide spacing A is reduced, the magnitude of the detuning required to perform the
operation is larger when the signals alternate in phase (B mode input). The actual mode
shape for the B mode input has a slower decay rate in the transverse direction in the region
outside the waveguides than the A mode; therefore the modes of the lens region must be
more highly detuned to match this shape. This result cannot be obtained from a simple
coupled mode analysis, as there is no difference in the decay rate for the assumed modes in
this case. The observed operation of the device in the laboratory verifies this asymmetry as
will be shown in Chapter VI.C.3.
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V. IMPROVED COUPLED MODE ANALYSIS
As was evident from the exact analysis of the slab model of the two guide coupler
presented in Chapter IV, simple coupled mode theory sometimes incorrectly predicts
complete extinction of the signal in the unexcited guide of the switch. As discussed in
Chapter III, coupled mode theory assumes weak coupling between the guides so that the
modes of the coupled system can be approximated by a superposition of the modes of the
individual, isolated guides which form the coupler. Simple coupled mode theory neglects
the nonorthogonality of the modes of the coupler which are obtained in this way; the
measure of this nonorthogonality has been termed cross power and has recently been
included in the coupled mode analyses of several workers[5.1-5 .8]. A brief general
description of an improved coupled mode theory which takes cross power effects into
account will be presented, and the two guide coupler will be analyzed. As was described in
the exact analysis of the two guide coupler in Chapter IV, two configurations of coupler
switches will be examined, and the results from the computer simulations of the operation
of these devices will be presented. When simple coupled mode theory retains the higher
order terms necessary to include these effects, the accuracy of its predictions are improved,
and extinction ratios closely approximating those obtained using the exact slab model are
obtained. However, perfect transmission is erroneously found even when the effects of the
cross power are taken into account. This is not a serious drawback for two reasons: first,
the material losses are much greater than the deviations from perfect transmission in all
practical couplers which satisfy the constraints of weak coupling, and second, the
extinction ratio is much more important in a switch where a poor null may be erroneously
detected as the presence of a signal. Further modifications to the improved theory have
been shown to predict incomplete transmission[5.81, however these improvements may not
be justified by the increase in complexity of the computations. The simple coupled mode
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results, improved coupled mode results, and exact slab model results will be compared for
the two configurations of the two guide coupler switch.
A. DESCRIPTION
Maxwell's equations may be separated into transverse and longitudinal components
for traveling wave solutions with an assumed exp j(cot - $z) dependence, where P is the
propagation constant of the wave in the z direction. (The ot dependence will be assumed
but not explicitly written henceforth.)
VT x E + jcogp 0 = jp xE (5.1)
VT x H - joEE =jp x 5H (5.2)
To solve for the propagation constant, (5.1) is multiplied by H* and (5.2) by E*; the
difference is then taken and integrated over the cross section of the waveguide.
'iJ[(VT xE +jo. 0 ) -i *.- (VT x +*joEE) - E* da
P - ' f [E x R* + E* x R] - dia(53
Using trial solutions which are a superposition of the modes of the individual, isolated
guides
E = Xa ie1 (5.4)1
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H = ja hE (5.5)
where Fi and hi are the fields of the isolated guides which must also satisfy Maxwell's
equations, and ei = Eo except at the location of the ith waveguide:
V TX e i+ joqth = jp. x e,
V TX Ei -jo8e.ei=jp3 x ;.-
(5.6)
(5.7)
Substituting (5.6) and (5.7) into (5.3) results in the eigenvalue equation for the propagation
constants (using Einstein summation notation):
a.* H.. a.
1 1J J
a.* P.. a.'
1 1J J
P. 4 e x h.*+ *x i ) - di
(5.8)
(5.9)
(Pij is the cross power when i # j), and H is the coupling matrix
H.. = P $ + O (E -CE)e - e* da = Pj + Ki.
For the assumed trial solutions of (5.4) and (5.5), the solution for 6 is obtained by
differentiating (5.8) to find the extrema with the resulting eigenvalue equation
(5.11)
where
(5.10)
det ( Pj - Hj ) = 0,
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or, since d/dz =
da
iij = - j a j. (5.12)
In this notation, the power propagating along the guides is given by
Pguides = 1a * P Ua . (5.13)
1,J
Simple coupled mode theory neglects Pij when i # j, and assumes Pii = 1.
The remainder of the discussion of the improved coupled mode theory will be
restricted to an analysis of the two guide couplers. Here, P 12 = P2 1 = x. Writing the
expression for the determinantal equation in matrix form,[ - $P-K} {x($ - ) - 1 1 (5.14)
{x($ - 1) - K21} {f3 ~ 2 - K22
Because H is Hermetian[5.1], H12 = H2 1, and this requires that
K12 + x$ 2 = K21*+ x. (5.15)
The quantity in (5.15) must therefore be constant regardless of the value of the detuning
provided that it is applied symmetrically. This is true unless the detuning becomes large;
the coupling of modes formalism already requires small detuning as a prerequisite.
The input and output conditions of a coupler must be specified as in the exact slab
model analyzed in Chapter IV. Matching the fields at the input (neglecting reflections
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which are small because the difference between the indices of the guiding and nonguiding
regions is small compared to either index), where Eo, ho are the transverse field profiles of
the input guide, e-1,2, i1,2 are the transverse field profiles of the guides forming the
coupler, and erad, hrad are the radiation fields into which the power remaining from the
imperfect overlaps of the input mode with the modes of the coupler is scattered,
aFe = a (O)EI+ a 2 (0) 2 + E ,, (5.16)
aho = al(O)hi+ a2(0) h 2 + h,,. (5.17)
Simplifying assumptions regarding the input modes and the radiation modes are,
respectively,
e e = ell (5.18)
ho = h, (5.19)
(which is true provided that the detuning of guide one of the coupler is small or that the
input guide is detuned along with guide one of the coupler), and
,rad, X h1, 2*+e 1, 2* Xih rad) di = 0, (5.20)
(to the same approximation that the modes of the coupler can be represented by a
superposition of the modes of the isolated guides). Cross multiplication of (5.16) by hi*
A
and (5.17) by F1*, dot multiplication of both by zda, and integration over the cross section
of the structure gives
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aP 11 = a(O) P11 + a 2(0) P 21 (5.21)
Similarly, using the fields of guide two,
aP 1 2 a (0)P 12 + a 2(0)P 22 (5.22)
Recall that P 12 = P 2 1 = x and P11 = P 22 = 1. The solution for (5.21) and (5.22)
specifies the input boundary conditions ai(O) = a and a2(0) = 0.
The expressions for the amplitudes of the fields in the guides as the wave
Apropagates along the z direction can then be expressed using the initial conditions:
ai(z)= a cos( 'A2 z-RA -Rsn+RB sm zA - 0 B (5.23a)
and
.2RA R . PA - pB 3 52ba2(z)=a jR R sm( A2 z , (5.23b)
where
P A,B P1 " 1'11
RA,B 12 X AB- 2  (5.24)
are the excitations of the coupled guide normalized to those of the input guide for the A and
B mode, respectively. (To relate to the terms used in the discussion of simple coupled
mode theory in Chapter III, the parameters RA and RB are the ratios of the component of
the eigenvector in the coupled guide to that in the input guide for the A and B modes,
respectively. These are obtained using (5.14) in the same manner as the eigenvectors were
in the simple coupled mode analysis. Note that as before, the components of the
eigenvector of the A mode both have the same sign, and those of the B mode have opposite
signs, so that RA > 0 and RB < 0.)
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At the output, a similar procedure results in the following:
a A(L) i + a2(L) ' 2 = C 1 + E,ad,
a (L) i + a 2(L) E 2 = c 1hiI + h,
(5.25a)
(5.25b)
c1= a1(L)P11 +a 2(L)P 2 1
for the coupler of case (i) as shown in Fig. IV. 1, and
(5.26)
a (L) e + a 2(Le 2 = c 2e 2+ e rad'
a(L) 1 + a2(L) h2 = c 2 2 + h rad'
(5.27a)
(5.27b)
c 2 = a 1(L) P12 + a 2(L)P 22 (5.28)
for the coupler of case (ii) as shown in Fig. IV.1.
Using the expressions for ai(L) and a2(L), the power emerging from the coupler
can be written for each configuration. In the first case, in which ideal operation can be
achieved, the normalized output power is given by cici*/a2 , or
P our ( o s2 PA 2 B
pIN os2 2
) [RA +RB+ 2 RARB ..2 .R A - R B 2n A- B .2 (5.29)
In order to achieve complete extinction in the "off' state, this expression must be set to
zero, which requires that two conditions be satisfied:
so that
so that
129
RA + R B + 2 R AR B X =0 (5.30a)
and
A-PB) L 
- (5.30b)2 2
The first condition specifies the detuning required for the value of x (which can be satisfied
because RA > 0 and RB <0 as discussed above), and the second specifies that the
structure must be a coupling length long at the proper detuning found from the first
condition L = Le = t/(PA-0B). When the detuning is such that (PA-PB)Lc = 2n, the
signal returns to guide one and a perfect "on" state is achieved. In the second
configuration, the normalized output power is given by
(5.31)
OUr(2> 2 2 PA B [(RA+RBox+2RARB 
.i PA B L
P x cos 2 RA -RB 2
Because the perfect "on" state requires that P1 = P2 (synchronous guides), which in turn
specifies RA = -RB = 1, L must then be the synchronous coupling length
(Lc = t/(PA-PB) when there is no detuning). In this case, the optimum extinction ratio of
X2 occurs when the detuning is chosen to give (PA-PB)Lc = 27c. The improved coupled
mode analysis therefore predicts the same characteristics for extinction of the signal in each
of the two configurations of the two guide coupler switch as were found in the exact
analysis of the slab model. In the next section, the difference in the results will be seen to
be a slight deviation in the values for the coupling length and detuning when the spacing
between the guides becomes small (less than half the guide width) and the assumption of
weak coupling begins to be violated.
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B. COMPUTER SIMULATION RESULTS FOR TWO GUIDE COUPLER SWITCHES
Computer simulations of the two configurations of the two guide coupler have been
performed using the improved coupled mode formalism, and the results will be compared
to those obtained using the exact analysis of the slab waveguide model. There are varying
degrees of accuracy which can be achieved using the improved coupled mode theory
depending upon the computational complexity which is acceptable. The results from two
analyses will be presented here. The first will be referred to as the more precise theory,
and the second, the less precise theory. In the less precise theory, device behavior is
predicted using only parameters which can be calculated or measured in the laboratory:
Poi, the propagation constant of an isolated guide i when 8i is applied to detune the
propagation constant; Le, the synchronous coupling length; and x, the cross power. In this
analysis, x, K11, K22, K12 + x42, and K2 1 + xf 1 are held constant, independent of the
mismatch between the guides caused by the detuning of their propagation constants. In the
more precise theory, the changes in these parameters are recomputed each time the detuning
is changed. The most significant changes occur in the value of K12 + x2= K21 + x$ 1,
and x, K1 1, K22 are less affected by the detuning.
The normalized propagation constants are plotted as a function of detuning D in
Fig. V.1 for the exact analysis (with k 1d = 40 and 1(k 12 - k22 )d2 = 1.5, shown by the
solid lines) and the improved coupled mode analysis (shown by the dashed lines). The
results are in excellent agreement for a normalized guide spacing of A = 1, and remain in
good agreement even when A =0.1.
1. Ideal Configuration
The power emerging in the output guide, POUT(1)/PN, is plotted logarithmically as a
function of detuning, D, in Figs. V.2a and V.2b for the more precise and less precise
theories, respectively. The solid lines represent log (PouT(i/PIN) for normalized guide
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Logarithmic Plot of Output Power vs Detuning D for Ideal Configuration
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spacings of 1.0, 0.5, 0.25, and 0.1; the dashed lines in Fig. V.3 a, b are used to plot
log (1-PoUT(1/PN) to show the maxima in transmission. In Fig. V.4, the scale of the
plots is expanded; the results of the exact, more precise coupled mode, and less precise
coupled mode analyses are displaced downward along the vertical axis. The maxima in
transmission are always predicted to be unity, and symmetrically positioned around D = 0
for the coupled mode analyses, which is not the case for the exact analysis of the slab
waveguide model. The exact analysis does not result in maxima which are symmetric in
detuning because the overlap between the modes of the input and output guides, and those
of the coupled guide region depend on the relative polarity of the detuning applied to the
guides. When the mismatch between the modes at the input and output are taken into
account, full transmission can no longer be achieved using the coupled mode analysis[ 5.8].
As discussed above, the length of the coupler must be chosen to be the coupling
length of the detuned coupler, which is shorter than the synchronous coupling length since
the propagation constants become more separated as the detuning is increased. For this
reason, the plots are not symmetric around zero detuning. As can be seen from
Figs. V.2 to V.4, the minima in output power are achieved when D <0 when D is
defined with the same polarity as in (4.1). These minima are actually zero to within the
computational accuracy of the computer. The results of the exact slab analysis and the
more precise coupled mode theory are nearly indistinguishable; the approximate coupled
mode theory deviates only slightly in its estimation of the detuning necessary to achieve the
desired output.
2. Non-ideal Configuration
The power emerging in the output guide, POUT(2)/PN, is plotted logarithmically in
the solid lines of Figs. V.5a and V.5b for A = 1.0, 0.5, and 0.1 for the more precise and
less precise coupled mode analyses, respectively; the dashed lines of Figs. V.6a and V.6b
represent the deviations of the maxima from unity as log (1-POUT(2/PIN)-
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In this coupler configuration, the length of the coupler is the synchronous coupling
length for identical guides, which is the only length for which full transmission can occur.
At this length, the output power is symmetric around zero detuning, and for this reason the
results are shown only for D 0. Therefore, the maxima are unity when the guides are
synchronous, and the minima are achieved by detuning the guides, but are not perfect. No
useful improvement in extinction ratio can be obtained by changing the length of the
coupler.
The best extinction ratios which can be achieved in the non-ideal coupler
configuration range from approximately -25 dB to -8 dB for normalized guide spacings
ranging from A = 1 to A = 0.1, respectively. Again, the results of the exact analysis of
the slab model and the more precise coupled mode theory are nearly indistinguishable. The
approximate coupled mode theory predicts the extinction ratio quite well, but deviates
slightly in its specification of the detuning necessary to achieve these outputs. Even for
very small A = 0.1, the agreement between the coupled mode theory and the exact
analysis is excellent.
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VI. EXPERIMENTAL RESULTS
In this chapter, GaAs, InP, and Ti:LiNbO 3 waveguide fabrication and
characterization will be discussed. The results of Chapter II have been used to predict
single mode waveguide operation and electrooptic detuning of the propagation constants of
the waveguides. Two and three guide couplers and lenses have been examined; the
theoretical results of the simple coupled mode (Chapter III), slab waveguide model
(Chapter IV), and improved coupled mode (Chapter V) analyses will be compared to the
experimental observations in this chapter. Simple coupled mode theory provides good
predictions of the essential features of the coupling characteristics when the coupling is
weak, but fails to precisely determine the coupling lengths and detuning of the propagation
constants for switching and lensing operations. It cannot be used to differentiate between
the achievable extinction ratios for the two configurations of two guide coupler switches
shown in Fig. IV. 1. These differences are seen in the results obtained using the improved
coupled mode analysis and exact analysis of the slab waveguide model. In addition, the
simple theory for the lens predicts that for a given input amplitude distribution, the same
structure can be used to combine an in-phase and alternating-phase array of guide
excitations provided that the polarity of the detuning applied to the guides is reversed in the
two cases (the magnitudes, however, are unaffected). The exact analysis of the slab model
of the lens also requires this phase reversal, but shows that stronger detuning is necessary
to combine an alternating-phase input (see Chapter IV.B). The ideal configuration of the
two guide coupler switch and the asymmetry in the detuning of the lens required for in-
phase and alternating-phase inputs will be demonstrated experimentally using GaAs etched
rib waveguides.
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A. FABRICATION
1. Semiconductor Waveguides
LPE was used to grow an n- guiding layer on a (100) oriented, n+, Sn-doped
substrate to form the InP waveguides. The n- layer is approximately 3 to 3.5 prm thick and
is unintentionally doped with a carrier concentration of approximately 5 (1015)/cm 3. The
n+ substrate is 12 to 15 mils thick with a carrier concentration of 1 to 2 (101 8)/cm 3. This
produces a single mode, slab waveguide with confinement in the vertical direction caused
by the index change created by the presence or absence of free carriers, as discussed in
Section II.A.1. A 1.5 pm p+ layer with a carrier concentration of approximately 1018/cm 3
is then grown on the n- guiding layer. This is used to form a p-n junction, which can be
reverse biased to apply a voltage across the waveguides with negligible current flow, in
order to permit electrooptic detuning of the propagation constants of the waveguides.
(Schottky contacts are leaky and do not function well[6.1,6.2].)
For the GaAs waveguides, MOCVD was used to epitaxially grow a buffer layer
doped with Si to a high carrier concentration of 1 to 2 (1018), and an n- guiding layer
which is unintentionally doped with a carrier concentration of approximately 5 (1015)/cm 3 .
Because low leakage Schottky contacts can be formed to GaAs[ 6.31 , it is not necessary to
reverse bias a p-n junction as in the case of GaAs, and no p+ layer is grown.
The wafer must first be oriented in order to determine the direction in which it
should be cleaved to obtain rectangular samples with the waveguides along the proper
direction. Because the sample etches in a trapezoidal profile (see Chapter II.C.1), the sides
of any pattern which etch at an acute angle will appear as thicker lines than the sides which
etch at an oblique angle. A small piece of the wafer near the curved edge can be cleaved to
be used for the purpose of orientation. Cleaving is usually done by scribing the top
polished side of the wafer near the edge, as parallel to the cleavage plane as possible.
Wafer thicknesses should be in the range of 8 to 12 mils; the tradeoff is a diminished
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likelihood of spontaneous cleavage during processing for thicker samples, and increased
ease of cleaving to form good endfaces for coupling light into the guides for thinner
samples. A sharp exacto knife or razor blade can be used against the side of a microscope
slide to make the scribe. The wafer is then turned over and laid on a piece of clean lens
paper. The back is gently tapped in the vicinity of the scribe using the top of a pair of
tweezers until the fracture is made. The sample which has been removed must be cleaned
in solvents (see standard solvent cleaning procedure to follow in the description for
waveguide fabrication), soap, water, and buffered hydrofluoric acid (BHF).
Approximately 2000 to 3000 A of PSG (or any other easily removable oxide) is deposited
onto the top of the sample. Drops of black wax are melted on the oxide to form a mask so
that the oxide can be patterned. The sample is then submerged in BHF for approximately
15 seconds until the unprotected oxide is removed. The wax is dissolved in
trichloroethylene, leaving the oxide pattern. The sample should be etched to a depth of
approximately 1 gm, using a mixture of H2S04, H20 2, and H2 0 in a ratio of 1:1:4 cooled
to 40 C for approximately 30 seconds, or using HCl for approximately 10 to 15 seconds.
(Etching less than 0.5 pm or more than 2 gm can make it difficult to observe the results.)
The oxide is then removed, and the pattern can be seen in the InP or GaAs as shown in
Figure VI. 1. The edges of the pattern which are along the direction of propagation in the
waveguides become thickened lines because of the angle at which they have been etched.
If in doubt, the sample can be cleaved to observe the angle of the etch.
The thickness of the epitaxial layer can be determined by staining another scrap
removed from the wafer. The clean, freshly cleaved surface must be soaked in a saturated
solution of K3Fe(CN)6 in KOH for approximately 20 to 30 seconds. The epitaxial layer
will be selectively etched to show the boundary between it and the highly doped substrate.
Rib waveguides can be formed by photolithographically patterning an etch mask on
the epitaxially grown surface of GaAs or InP, and etching the layer to define the guides. In
this case, metal is evaporated onto the surface to form the etch mask and the electrodes
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simultaneously. Guides were defined by either lifting the unwanted metal from the surface,
or etching through the metal where it was to be removed. Both methods were found to be
acceptable. In GaAs, the ohmic contact of Sn-Au, which must be microalloyed, is first
formed to the back surface of the entire sample. The Schottky contacts to the top surface of
the guides are formed by Ti-Au, and cannot be heated above approximately 200' C. (This
is another of the reasons that metal was used as the etch mask as described above. The
alternative is to use an oxide, but this requires heating the sample for the oxide deposition.
Furthermore, with the metal mask, the contacts are then self-aligned and one
photolithographic processing step can be eliminated.) In InP, the contact to the p+ layer is
made by Zn-Au, which must be microalloyed first at a higher temperature than the Sn-Au
for the back contact (the back contact to the n+ GaAs substrate is formed in the same
manner). The procedure for fabricating the InP guides is as follows. (The metal pattern is
etched to define the guides in this method. The lift-off procedure is used to form the
contact pads.)
1. Clean substrate with soap, solvents, and BHF.
2. Evaporate Zn-Au (400 A and 1000 A, respectively) on the top, p+
surface.
3. Microalloy for 20 seconds at 4200 C.
4. Clean substrate with soap, solvents, and BHF.
5. Evaporate Sn-Au (350 A and 1000 A, respectively) on the bottom, n+
surface.
6. Microalloy for 10 seconds at 390* C.
The remaining steps are performed on the Zn-Au surface.
7. Deposit approximately 2000 A of PSG.
8. Spin HMDS for 10 seconds at 4000 rpm.
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9. Spin Kodak 1450B photoresist (PR) for 30 seconds at 5000 rpm.
10. Bake at 600 C for 30 minutes.
11. Expose pattern for 6 seconds using Karl Suss mask aligner.
12. Develop in Kodak AZ 351 developer with water (approximately 10%
solution) for approximately 15 seconds, checking at 5 second intervals.
13. Bake at 1200 C for 30 minutes.
14. Etch oxide pattern in BHF for 5 seconds.
15. Etch metal pattern using Au Technistrip and Nitric Acid.
16. Etch InP in Bromine-Methanol solution (.5% Br) for approximately 30
seconds to a depth of approximately 0.5 ptm.
The waveguide pattern which was digitized to generate the photolithographic mask
is shown in Fig. VI.2. Each pattern consists of three sets of waveguide groups; within
each set the spacing between the coupled waveguides is the same. The waveguides are all
nominally 8 ptm wide, and the spacing between the waveguides varies from 8 to 6 pm in
groups one to three, respectively. Each set contains six groups of waveguides; the length
of the couplers within each group decreases by, 1 mm from group one to group six.
Finally, a group has four devices: a single guide, a two guide coupler with a single input, a
three guide coupler with an outer guide input, and a three guide coupler with a center guide
input. A groove must be etched near the input of the sample to prevent the light from
passing through the slab and entering guides other than those which extend to the input
facet of the sample. This groove is defined photolithographically, so that the input guides
can be masked for protection from the etch. Steps 7 through 16 above must be repeated
with this pattern, except that the final etch of the InP must be to a depth of approximately
2 .m.
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Finally, bonding or probing pads must contact the electrodes which extend along
the length of the waveguides. Here, a PR mask is used to protect the sample everywhere
except at the bonding pad locations, and metal is evaporated over the entire sample and
lifted off where the PR remains. Steps 8 through 12 are repeated, except for the inclusion
of a 10 minute chlorobenzene soak before step 12 (an aid for undercutting the resist for
better liftoff of the unwanted metal), to photolithographically define the bonding pads. The
procedure is completed to obtain the pattern in metal by performing the following steps.
13a. Evaporate 400 A of Ti and 2000 to 5000 A of Au.
14a. Soak in acetone until metal lifts from where PR mask remains.
When GaAs is used, the fabrication procedure is similar, except for the top contact
to the waveguides. The dimensions and carrier concentrations of the GaAs layers are
approximately the same as those of the InP layers (see Chapter II.A). The back contact is
formed first in the same manner as described earlier. The Schottky contact is then made to
the top surface by evaporating Ti-Au (400 A and 1000 A respectively) onto a freshly
cleaned surface. The remainder of the processing is the same as for InP with one final
exception: the Schottky contact should not be heated above approximately 2000 C.
Therefore, PSG cannot be deposited to be used as an etch mask for the metal. In this case,
the PR itself can be used for this purpose.
Finally, the sample must be cleaved to form the waveguide input and output
endfaces. This is done because the photolithography is unsuccessful at the edge of the
sample (due to build-up of resist, e.g.) and because the etch for defining the waveguides
also attacks the endfaces. This cleave is done as described above, except that because of
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the etched ribs, better results are obtained when the scribe is done on the back surface, and
the sample is tapped on the top surface.
2. Ti:LiNbO3 Waveguides
Imbedded channel waveguides can be formed by photolithographically patterning Ti
on the surface of a polished sample of LiNbO3 , with subsequent heating to diffuse the
metal into the surface to locally change the index of refraction. The procedure for
fabricating the guides is as follows.
1. Clean sample using solvents (trichlorethylene, acetone, and isopropyl
alcohol), soap, water, methanol, and a final isopropyl rinse.
2. Spin photoresist (Kodak AZ 1450B) onto the sample at 5000 rpm.
3. Bake at 80 C for 25 minutes.
4. Expose pattern for 6 seconds using Karl Suss mask aligner.
5. Soak in chlorobenzene for 5 minutes.
6. Develop in a 3:1 solution of AZ351 Microposit Developer for 10 to 15
seconds.
7. Evaporate Ti on the surface of the sample.
8. Lift off the metal by soaking in acetone for approximately five minutes,
and if necessary spraying acetone.
9. Diffuse at 10008 C for 6 hours in an atmosphere of Ar bubbled through
water.
10. Repeat cleaning and photolithography (using thicker 1350J resist) for
electrode fabrication. Evaporate between 2500 and 5000 A of Au on the
surface of the sample, and lift off as in waveguide formation.
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For single mode waveguides which operate at X =.6328 gm, the Ti stripes should be
3 gm wide and 250 A thick; for X ~ .85 gm, they should be 3 gm wide and 400 A
thick.
B. ISOLATED SEMICONDUCTOR WAVEGUIDE MEASUREMENTS
Rib waveguides of widths varying from 3 to 11 gm were fabricated on an InP
sample to determine the range over which single mode operation could be obtained. The
substrate has a carrier concentration of n+ = 1018/cm 3 , and the nominally 3 to 3.5 gm
thick epitaxial layer doping is n- ~ 5(10 15)/cm3. Ribs were etched to a depth of 0.5 to
0.7 gm, and the guides were tested at a wavelength of X0 = 1.3 gm. The waveguides
which were less than 5 gm wide were extremely lossy or did not guide at all. The
5 and 6 gm wide guides were also quite lossy. The 10 gm wide guides were sometimes
double moded, and the 11 gm guides were often double moded. This is in reasonably
good agreement with the predictions obtained using the effective index method, where the
cutoff for the second mode was found to be approximately 8 to 9 gm for a slab thickness
of 3 gm. Because the control of the thickness of the epitaxially grown layer is not exact
and can easily vary by a few tenths of a micron, a width of 8 gm was selected to guarantee
single mode operation. (The actual guide widths after processing are always less than
those on the mask.) The results were similar for GaAs.
Loss measurements were performed by D. E. Bossi on isolated single mode guides
fabricated on a GaAs wafer using a Nd-YAG laser operating at XQ = 1.06 im. The
experimental set-up is shown in Fig. VI.3. In order to measure the losses, the power is
detected both at the output of the laser and the output of the sample, because the laser
power varies with time. The power cannot be measured at the output of the fiber without
moving it or the sample, and hence changing the input coupling to the waveguide.
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Therefore, before the loss data is taken, the power is measured several times at the output
of the laser and at the output of the fiber to obtain average values for the coupling efficiency
of the signal into the fiber. Because a single mode fiber which operated at 1.06 pm was
not available, one which was single moded at 1.3 gm was used. This fiber may have
supported more than one mode at 1.06 gm. Furthermore, while the laser operates
predominantly in the fundamental mode, other modes do exist, and the power could have
been fluctuating between these modes. However, despite these possible problems, the
coupling efficiency remained approximately 1 to 1.5 %. The output power of the laser and
the power emerging from several waveguides is summarized in Table VI. 1.
These loss measurements are compared to those obtained by D. E. Bossi on a
similar sample, which had a guiding layer carrier concentration of (1018)/cm3 and thickness
of 3.9 ptm. The waveguides were etched to a depth of 0.5 to 0.55 pm. The sample was
initially 1.0 cm long; measurements were taken at this length and the sample was cleaved
to create two smaller pieces which were 0.36 cm and 0.64 cm long. The loss
measurements were repeated on both of these samples. The data from these experiments
(represented by square marks) and that which is summarized in Table VI.1 from the
sample described above (represented by a dot) are shown graphically in Fig. VI.4 The
losses are estimated to be approximately 14 dB/cm, corresponding to a = 3.3 cm 1.
Although it was not a goal of this work to engineer low loss waveguides, there are several
ways to improve their performance. Heterojunction waveguides (with confinement due to
compositional index differences) could be used, as homojunction waveguides are generally
more lossy because the substrate is lossy as a result of its high free carrier concentration
(required to give the index reduction). Furthermore, the carrier concentration of the
epitaxial guiding layer could be reduced by as much as an order of magnitude (in GaAs),
using special epitaxial growth techniques which were not available for this work. Finally,
heterojunction and buried heterojunction waveguides avoid the losses caused by the
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Table VI. 1
Loss Data for GaAs Waveguides
*Laser power measured after filter with attenuation of 10-3.
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Results of Loss Measurements in GaAs Waveguides at X = 1.06 4m
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interaction of the field of the guide with the metal contacts on the surface of the waveguide
and the air interface.
C. EXPERIMENTS
1. Measurement Procedure
The experimental set-up is shown in Fig. VI.3. A 15 mW YAG laser operating at
= 1.3 jim was used to test the GaAs and InP waveguides, and semiconductor diode
lasers operating at 1.3 pim and 0.85 pm (delivering a few mW of power) were used to test
the InP and LiNbO3 waveguides, respectively. For measurements taken with the YAG
laser, it was necessary to place an optical isolator between the laser and the other optical
elements in order to reduce reflections back into the laser which caused it to become
unstable. A chopper was needed to observe the output of the detector on an oscilloscope
accurately and easily. The polarizer was set to transmit only TE polarization because
neither laser operated in a single polarization. (The TM coupling coefficient differs from
that of the TE polarization, and in addition, the TM wave is extremely lossy due to the
strong interaction of its electric field with the metal electrodes on the top of the guides.)
The 1.3 gm beam was then focussed onto the input of a polarization preserving fiber using
a 20x microscope objective and the fiber was used to couple the laser light into the
semiconductor waveguides; the 0.85 gm beam was focussed directly into the LiNbO 3
waveguides using a 20x microscope objective. A lOx microscope objective was used to
collimate the output from the waveguide, and a lOx eyepiece lens was used to magnify the
signal so that the power in the individual waveguides of the couplers could be measured
independently. A flip mirror enabled switching the signal to be detected between an
infrared vidicon and a detector. The voltage from the detector was amplified and displayed
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on a sampling oscilloscope. The measurements were averaged over one hundred
consecutive samples taken by the oscilloscope.
2. Two Guide Coupler Results
a. GaAs and InP Waveguides
The coupling lengths of the two and three guide couplers were determined by
observing the output power in each guide of the coupler, and comparing other couplers
with the same guide spacing but different lengths. As described in Section A. 1 of this
chapter (also see Fig. VI.2), the couplers within a set all had the same guide spacing but
differed in length over which they were coupled. When possible, the sample was cleaved
to obtain additional data.
The results of the measurements on the GaAs two guide couplers are shown in
Figs. VI.5-VI.7 for waveguide sets one to three, respectively. The sample was initially
1.2 cm long, with couplers varying in length from 5.2 to 10.2 mm. A small piece of
approximately 2 mm width was then cleaved from the output end of the wafer to leave
couplers ranging from 3.2 to 8.2 mm in length. The couplers were tested before and after
the sample was cleaved to collect as much data as possible. The power emerging from the
guide into which the signal was launched is denoted ai(L); that from the coupled guide is
a2 (L). Because of fluctuations in the laser output power with time, absolute powers could
not be used to determine the coupling lengths of the devices, and the total output from a
coupler was always normalized to unit power. To show the repeatability of the
measurements, the data points corresponding to measurements taken before the cleave are
circled in Fig. VI.6. The slight differences between the values obtained for devices
measured before the cleave, and couplers of the same length after the cleave are likely to
occur because the slice cleaved from the sample was not exactly 2 mm wide. The scatter
observed in the data for successive measurements of the same device are most likely due to
small fluctuations in the laser power during the time required to separately detect the
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outputs of the two waveguides, and also possibly due to differences in the input coupling
when the fiber was repositioned between measurements. Coupling lengths of
approximately 10 to 11, 7.5 to 8, and 6 mm were observed for relative guide spacings
(guide spacing normalized to guide width) of 1.5, 1.3, and 1, respectively. This is verified
using a computer simulation of the effective index method with the parameters summarized
above in the description of the device fabrication. Coupling lengths of approximately 10,
7, and 6 mm are predicted, in good agreement with the results obtained.
InP waveguides were also fabricated with similar guiding layer and substrate
specifications, and the coupling lengths of these devices were characterized. The substrate
was 5 mm long, with couplers 5, 4.5, 2.5, and 0.5 mm long. The waveguide pattern is
the same as was used for the GaAs sample. Coupling lengths of approximately 7 mm
were found for relative guide spacings of 1.3 in Fig. VI.8. The coupling lengths are found
to be similar in the two materials, although these results are not as complete as those
obtained for the GaAs devices, because large area epitaxial growth was not available for
InP at the time of this work.
The responses of several two guide GaAs couplers were measured when voltages
were applied to detune the guides. The metal on the surface of the waveguide formed a
Schottky diode which was reverse biased to apply a voltage across the guides without any
appreciable current flow. Breakdown in typical devices was near -25 V; voltages slightly
greater than -30 V could be applied to some of the better diodes before breakdown was
reached. Some of the diodes were rather leaky; others had only a few gA of leakage
current in the reverse direction. The capacitance of some of the guides was measured by
probing the guides and contacting the back surface of the sample. This was done to
determine the length over which the electrical connection to the guide was made (and hence
the length over which the voltage could be applied to modulate the optical signal in the
guide). Typical capacitances for a guide which was 0.5 inches long and 8 gm wide were
found to be < 20 pF, which is close to the value of 17 pF computed using C = EA/d
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(where A is the area of the contact, and d is the depth of the region through which the
voltage is applied). This assumes that the voltage drops across a distance
d = (Vbi -V - . 67 (10+) 1iTV,
where d is the depletion region (0.67 gm thick when V = 0). There were sometimes
scratches or breaks in the metal which did not allow modulation along the entire length of
the guide; the capacitance of these electrodes was lower than those which were continuous
along the entire length of the sample. Illumination of the sample had the effect of inducing
a small photocurrent and slightly reducing the applied reverse bias. However, without the
light, the outputs of some of the devices drifted. To measure the response in the dark, the
sample was aligned and the voltage was applied with the light on, and the output was
observed immediately after removing the illuminator. Some drifting was still frequently
observed when this procedure was used; for this reason, all the data shown was taken with
the sample illuminated.
It is apparent (as will be seen from all the data) that the detuning of the waveguides
is not linear with applied voltage. This is to be expected for two reasons. The first is that
the region of the waveguide over which the voltage drop occurs changes with applied
voltage as the depletion layer increases with voltage until it extends completely through the
guiding layer. Thus, the overlap of the electrical and optical fields is voltage dependent.
Second, the coupling between the guides is dependent upon detuning to second order,
because the shapes of the modes of the isolated, individual guides are perturbed and thus
change the overlap integral which determines the coupling coefficient. The voltage
response of the couplers exhibits asymmetry around the zero of detuning; the change in the
coupling coefficient could be responsible for this characteristic.
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The output power vs voltage characteristics for a two guide coupler (#1-2-2) in
which both guides could be modulated are shown in Fig. VI.9. Voltages ranging from 0
to -20 V were applied to each guide. Because only negative voltages could be applied to
detune the waveguides, the horizontal axis is the difference in voltage applied to the two
guides (IVI - IV2 1). The detuning was applied symmetrically, with zero corresponding to
a bias of -10 V on both guides. A photomicrograph of the output at the voltage difference
for which the signal is extinguished in guide one, and that for which the signals in the two
guides are equal, are shown in Fig. VI.10. As can be seen, the extinction of the signal in
the input guide is quite good when a voltage difference of approximately -4 V is applied to
the guides. The extinguished signal was too small to measure. Although there was a small
amount of scattered light which was not confined by the coupled waveguide, it was not
localized to the position where the unexcited (input) guide was located. However, there
was light scattered into the slab (which was not cutoff) near each of the guides, including
the isolated guides which were not elements of couplers. The power in these regions was
typically on the order of 1 to 1.5 % of the guided power. The best extinction in the coupled
guide was several percent of the guided power.
This demonstration of different switching behavior for the two output guides is
particularly interesting because of the results obtained from the exact analysis of the two
cases of slab waveguide couplers shown in Chapter IV. This device is very close to the
length required for operation of the ideal two guide coupler, in which detuning can be
applied to achieve complete extinction of the signal in the initially excited guide. As was
also found in the theoretical analysis, the signal in the coupled guide cannot be
extinguished. Using the results of the effective index analysis of this device in the exact
slab computer simulation of the two guide coupler (see Fig. VI. 11), the relative excitations
of the two guides at the coupler output with no relative detuning has been found to be in
good agreement with the experimental data. In the improved coupled mode analysis, the
cross power term for a structure with these power transfer characteristics has a value of
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slightly greater than 0.3, which is too large to neglect (the reason for the failure of simple
coupled mode theory to provide accurate results for this device). While there is some
discrepancy between the output boundary conditions of the theoretical analysis and the
experimental measurements, the principle which is to be demonstrated is still valid. In the
computer model of the two configurations of the two guide coupler, the overlap between
the modes of the coupler and an output waveguide are performed to obtain the output
power, i.e. only a single guide extends to the output of the structure. In the experiment,
both guides extend to the output of the device, and a pinhole is used to detect the output of
each waveguide to simulate the two configurations. The extinction of the signal in the first
case (where it is the guide in which the signal was launched) does demonstrate the
cancellation of the two modes of the coupler because there is always a finite tail of one
mode which must be extinguished by the other mode. Because the output conditions are,
however, slightly different in the theory and experiment, it is expected that the resulting
detuning and coupling lengths also deviate very slightly in the experiment from the
theoretical solutions. As would be expected, no other two guide couplers on the sample
were the correct length (because of their different guide spacings) for ideal operation . The
response of another coupler (#2-3-2, characterized after the sample was cleaved) is shown
in Fig. VI. 12 to demonstrate incomplete extinction in guide one for any applied detuning.
The results obtained using device #1-2-2 are the first demonstration of operation of
the ideal two guide coupler switch configuration. They are also of interest because, while
the coupling length of the device is long (approximately 10 mm), coupled mode theory
cannot be used to predict the experimental results. In the terminology of the improved
coupled mode theory, the coupling is weak, but the modes of the coupler exhibit
nonnegligible cross power. It is therefore concluded that the nonorthogonality of the
modes of the shallow etched rib homojunction waveguide coupler geometry must be taken
into account if coupled mode theory is to provide valid results.
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Marcatili et. al.[ 6.1] performed similar experiments using the two coupler
configurations fabricated in LiNbO3 , but did not theoretically predict or experimentally
observe complete extinction in the ideal case. The reason is that the coupler was not
designed to be the appropriate length for ideal operation. The length must be the "detuned"
coupling length, where L = tI/(A' - PB'), where PA' and 1B' are the propagation
constants of the coupler when the detuning required for extinction is applied. This length is
different from the synchronous coupling length which uses the propagation constants of the
guides when they are identical with no applied detuning.
The voltage response of two guide coupler devices #2-3-2, #2-4-2, and #2-5-2
(measured before the sample was cleaved) are shown in Figs VI. 13-VI. 15, respectively.
The voltage was applied only to the guide into which the signal was launched. Device
#2-3-2 is close to one coupling length long; the others are shorter. Voltages of
approximately -18 to -19 V are required to detune the couplers to obtain equal outputs in
the two guides. This is a result of the differing lengths over which the voltage is applied in
the three devices (along the region where the guides are coupled), and the nonlinearity of
guide detuning with applied voltage (as was discussed above in this section).
b. Ti:LiNbO 3 Waveguides
Three identical sets of two guide couplers on the same substrate were fabricated and
tested. A single guide was used as the input to the coupler, and a second guide (which did
not extend to the input of the sample) was coupled to the first. Both guides extended to the
output of the substrate, so that the power in each could be measured. Each set of couplers
consisted of nine devices of lengths differing by 0.2 mm. The shortest coupler was
approximately 4.5 mm long. The results were very reproducible, so that only one set of
results is shown in Fig. VI.16. From this data, a coupling length of approximately
1.1 mm is observed. The 5.7 mm long coupler was close to an odd number of coupling
lengths long, with only approximately 3% of the power remaining in the unexcited guide.
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This is consistent with the 4.5 mm length of the shortest coupler, which is close to four
coupling lengths long.
3. Three Guide Coupler and Lens Results
a. GaAs and InP Waveguides
The coupling length of the three guide couplers in which the signal is launched into
the center guide was determined in the same manner as was done for the two guide
couplers. The results are shown in Figs. VI.17-VI.19 for waveguide sets one through
three, respectively, where the output of the center guide is denoted a2(L) and the two outer
guides are a1(L) and a3(L). Coupling lengths for transfer of the signal to a symmetric
excitation of the two outer guides of approximately 7.2, 5.2, and 4.2 mm were observed
for relative guide spacings (guide spacing normalized to guide width) of 1.5, 1.3, and 1
respectively. (Before cleaving, device #1-4-3C was approximately one coupling length
long; after cleaving, devices #2-4-3C and #3-5-3C were both approximately one coupling
length long.) These values are in good agreement with the predictions of coupled mode
theory which relate the coupling length of the three guide coupler to that of the two guide
coupler by 1/42
The three guide couplers on the InP substrate were also characterized, and coupling
lengths comparable to those in GaAs were again found.
The responses of several three guide GaAs couplers were measured when voltages
were applied to detune the guides. In Fig. VI.20, the center (input) guide of coupler
#2-4-3C, which was approximately one coupling length long (after cleaving), was detuned
to nearly transfer the signal back to the center guide. A voltage of slightly more than -30 V
was required for maximum transfer; this was very close to the breakdown voltage of the
device. A photomicrograph of the output of the coupler observed in the infrared vidicon is
shown in Fig. VI.21 for various applied voltages. For comparison, the voltage response
of guides #2-5-3C and #2-2-3C, which were slightly less and more than one coupling
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length long, respectively, are shown in Figs. VI.22 and VI.23. The transfer was
incomplete in both of these cases.
Guide #1-2-30, which has an outside guide as its input, was also characterized as a
function of voltage applied to the input guide (see Fig. VI.24). Although the device is not
a convenient length to give a single output, its behavior is consistent with what would be
expected qualitatively. As the input guide is detuned from synchronism with the other
guides, the power tends not to couple into the other guides and remains in the initially
excited guide, and the center guide retains more of the signal than the opposite outer guide.
The waveguide lens is demonstrated by two devices, #3-1-3C and #2-2-3C. The
lens is operated in reverse, with a single input to the center guide of a three guide coupler.
The output power from these devices is shown as a function of applied voltage in
Figs. VI.25 and VI.27. The outside guides are identically detuned, and symmetrically
detuned from the center guide as described for the two guide coupler #1-2-2. Again, the
zero in voltage difference corresponds to the application of -10 V to all guides; 20 V
corresponds to the outside guides biased to -20 V with the center guide at 0 V; and -20 V
corresponds to the center guide biased to -20 V with the outside guides at 0 V. The
outputs along the positive horizontal axis correspond to in-phase excitations of the guides,
and those along the negative horizontal axis to alternating-phase excitations. As can be
seen, the guides must be detuned to a greater extent to obtain the same amplitude
distribution when the signals alternate in phase. Equal amplitudes are observed using
device #3-1 -3C for V ~ 12 V and -17 V. This asymmetry was predicted by the exact
analysis of the slab waveguide model of the lens. The simple coupled mode results for
these devices are shown in Figs. VI.26 and VI.28, which show good agreement with the
amplitude distributions, but as discussed above, do not show the asymmetry as a function
of applied detuning.
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b. Ti:LiNbO3 Waveguides
Three sets of three guide couplers on the same substrate were fabricated and
measured. The center guide was always the input guide, and the two coupled guides did
not extend to the input of the sample. All guides emerged at the output of the structure.
The results of the measurements of the output power are shown in Figs. VI.29-31. It is
difficult to ascertain the coupling length from this data. If it is assumed that some of the
data points which show no power in one of the guides are erroneous, a coupling length of
approximately 0.7 mm could be taken from the results (see especially Set #3). This is in
agreement with the 1/42Z- relationship to the coupling length of the two guide coupler
predicted by simple coupled mode theory in Chapter III. The power did not completely
transfer to the two outside guides; the reason for this is postulated to be the "proximity
effect[6.2]", which is a result of the different environment in which the center guide finds
itself in comparison with that of the two outside guides (i.e. the center guide is coupled to
guides on both sides, and the outer guides only on one side). The propagation constant of
the center guide then differs from those of the two outer guides, and complete transfer is no
longer a possibility. Detuning on the order of the strength of the coupling between the
guides would be necessary to create this distortion; it is unclear why the detuning would be
this large in these devices.
A computer simulation of the three guide coupler using the beam propagation
method was performed by J. Fleck and M. Feit[6.3]. A profile of the dielectric constant is
shown in Fig. VI.32, and the output power at five different positions along the length of
the coupler is shown in Fig. VI.33. Essentially complete coupling from the center guide to
the outside guides is predicted by this model.
AElectrodes were placed beside the waveguides (fabricated on an x-cut,
A Ay-propagating crystal) to utilize the large electrooptic coefficient for z directed dc voltage
modulation of the propagation constants of the guides. Because the voltage is also applied
between the guides in this geometry, the coupling coefficient is also affected. In order to
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detune the guides of the coupler symmetrically, as is required for the lens operation, the
coupling coefficients must be affected antisymmetrically in this geometry. This causes an
asymmetry in the output of the coupler, and for this reason, the couplers were not
characterized as a function of applied voltage. Future work should include fabrication of
Aguides on a z-cut crystal where the electrodes are placed over the guides and the coupling
coefficient is affected much less by the applied voltage.
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VII. CONCLUSIONS
Multiple coupled waveguide structures have been examined both theoretically and
experimentally to determine potential uses for optical signal processing applications. The
theoretical analysis begins with an approximate simple coupled mode analysis. Because
questions have recently been raised concerning the accuracy of these predictions[7 .1-7.8],
the couplers have been modeled by computer simulations of the exact analysis of slab
waveguide structures, and of an improved coupling of modes formalism. The simple
coupled mode theory provides good estimates of the behavior of coupled waveguide
structures provided that the coupling is weak to satisfy the assumption that the modes of the
coupler can be approximated by a superposition of the modes of the individual, isolated
guides. However, when more accurate measures and optimization of the operating
characteristics of the coupler are required, e.g. in a switch where it is useful to know the
extinction ratio achievable when the device is switched to its "off' state, simple coupled
mode theory is no longer adequate for these purposes. The improved version of the
coupling of modes formalism takes cross power into account; this cross power arises
because the coupled modes used in the approximation are not orthogonal as assumed in the
simple analysis. The exact analysis of the slab waveguide model of the couplers has been
performed and provides a verification of these results. Two and three waveguide couplers
have been fabricated using etched rib homojunction waveguides in GaAs and InP, and
using Ti-indiffused waveguides in LiNbO3. Electrooptic modulation of the propagation
constants of the guides was possible in the GaAs devices characterized in this work. The
etched rib waveguides are accurately modeled by the slab guide structure. The
experimental results obtained using these devices have been found to be in good agreement
with the theoretical predictions, and the modified predictions of the improved coupled mode
analysis have been verified.
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Systems of N coupled waveguides have been examined using simple coupled mode
theory and found to be capable of performing a variety of operations. By properly
specifying the values of the coupling coefficients and the length over which the guides are
coupled, two types of switching are possible. In the first, a signal launched in one outside
guide can be transferred to the opposite outside guide; in the second, a signal launched in
the center guide (for N odd) can be transferred to a symmetric excitation of the two outside
guides (and vice versa). In both cases, if the propagation constants of the individual guides
forming the coupler are appropriately detuned (electrooptically for example), the transfer
can be prevented and the signal can be switched back to the guide in which it was launched.
The reversed alternating delta beta scheme of Kogelnik and Schmidt[7-9l has been modified
to apply to both types of switching described above using the multiple waveguide couplers,
so that devices which are fabricated with improper coupling lengths can be tuned to allow
controlled switching between the guides. The generalized N x N switch in which an input
excitation of any guide can be transferred to any other arbitrary guide has been examined;
however, it is impossible to perform this operation using the N waveguide coupler.
Finally, the waveguide lens has been investigated, and found to be capable of transferring a
symmetric, in-phase or alternating-phase excitation to the center guide of the coupler. The
lens may be useful for combining the output of a multiple coupled laser array, in which the
power in the far field does not tend to be concentrated in a single lobe because the elements
of the array often oscillate in antiphase.
To obtain more accurate predictions than can be provided by the simple coupled
mode theory, the approximate solutions of an improved coupled mode analysis and the
exact solutions for the slab waveguide model of the couplers have been presented. Two
configurations of the two guide coupler with different input and output boundary
conditions were examined. In the first, a single guide extends from the input to the output
of the structure, and a coupled guide which does not extend to either end is brought into
proximity over a distance L. In the second, the input guide is terminated, and the coupled
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guide is the output waveguide. Ideal operation in which complete extinction of the signal
can be achieved can occur only in the first configuration. This was not predicted by the
simple coupled mode approach. Results were also obtained from the exact analysis of the
slab waveguide model of the three waveguide lens. Here, two different inputs to the
structure were examined. These were the symmetric modes of the synchronous three
waveguide coupler. Using simple coupled mode theory, it would be expected that, given
an input amplitude distribution, the same structure could be used to combine the power
when the excitations of adjacent guides were in phase or had alternating phases, provided
that the polarity of the detuning applied to the propagation constants of the guides forming
the lens was reversed. In the exact analysis, it was found that not only did the signs of the
detuning require reversal, but that stronger detuning was necessary to combine an
alternating-phase input. This occurs because in the actual (symmetric) modes of the
synchronous coupler, the one in which the contributions to each of the guides reverse in
sign from one guide to the next (the B mode in the terminology used throughout this work)
has a slower lateral decay rate outside the guides than the other symmetric mode (the A
mode), and larger detuning is required to optimally match the B mode with the modes of
the lens. Simple coupled mode theory could not predict this phenomenon, because to
within the approximations made, there is no difference in the tails of the A and B modes
which extend to infinity in the transverse direction.
Devices fabricated in GaAs, InP, and LiNbO3 were tested to determine the transfer
characteristics of the two and three guide couplers, and the three guide lens. The GaAs and
InP couplers were formed by etched rib homojunction waveguides. An n- guiding layer,
nominally 3 t±m thick, was epitaxially grown on a highly doped (with a carrier
concentration of approximately 1 to 2(1018)/cm 3) substrate. The guides of the couplers
were nominally 7 pm wide to operate in a single mode at X = 1.3 gm, with guide
spacings normalized to the guide width ranging from 1.5 to 1. The LiNbO3 waveguides
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were formed by Ti indiffusion; they were 3 to 4 gm wide to operate in a single mode at
X = 0.85 .tm, with normalized guide spacings of 1 in the couplers.
Passive couplers were characterized in GaAs, InP, and LiNbO 3 , and the GaAs
waveguides could in addition be electrooptically detuned to perform the switching and
lensing operations. Coupling lengths were determined as a function of guide spacing, and
the effective index method was used to verify these results in the semiconductor waveguide
couplers. Coupling lengths of less than 10 mm could easily be achieved in the GaAs and
InP two guide couplers; and lengths of approximately 1 mm were obtained in LiNbO 3-
The coupling lengths in the three guide couplers in which an excitation of the center guide
was transferred to a symmetric excitation of the two outside guides were related to those of
the two guide couplers by a value of approximately 11/2, as predicted by simple coupled
mode theory.
The ideal configuration of the two guide coupler switch was demonstrated in GaAs
in a device where there was a single input guide, and both the input and the coupled guide
extended to the output of the structure. The signal could be extinguished (to within the
measurement capabilities of the experimental system) in the input guide with the proper
detuning, and could be minimized but could not be extinguished in the coupled guide with
any value of detuning. Although the coupling between the guides was weak in this case
(for coupling lengths of 10 to 11 mm), the geometry of the etched rib waveguides gives
modes which have a large cross power (in the coupled mode terminology) that is
responsible for the difference in extinction ratios in the two output guides. In similar
experiments performed by Marcatili et. al.[7-91 using LiNbO 3 waveguide devices, a
difference in extinction was observed in the two configurations of the two guide coupler
switch, but complete extinction in the ideal configuration was not obtained experimentally
or theoretically. The reason for this is that the coupler was not designed to be the proper
length, i.e., one coupling length for the detuned structure.
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A three guide coupler with a center input was designed to transfer the signal to a
symmetric excitation of the two outside guides; by applying detuning, it was nearly
possible to switch the signal back to the center guide. The three guide lens was
demonstrated by operating it in reverse using another three guide coupler with a center
input. In-phase and alternating-phase outputs were observed by reversing the polarity of
the applied detuning. The predictions from the exact analysis of the slab model, that the
magnitude of the detuning was required to be larger to transfer an alternating-phase
excitation than an in-phase excitation, were verified.
Simple coupled mode theory remains a very useful tool for the preliminary
examination of coupled waveguide device behavior, especially when the coupling between
the guides is weak. The general guideline for weak coupling is that a coupling length be
much, much greater than the wavelength of operation of the device, a requirement which
can usually be satisfied when the guides of the coupler are separated by a distance equal to
or greater than their widths. Sometimes excellent agreement is found even when the
devices do not satisfy these constraints; however, there are situations in which it does not
provide adequate accuracy in its predictions. These cases include structures which violate
the assumption that the modes of the coupler can be written as a superposition of the modes
of the individual, isolated guides, and those in which the nonorthogonality of the modes
results in a nonnegligible cross power term[7-1- 7-8. When this is the case, coupled mode
theory can be improved to retain higher order terms and provide results which have been
shown to be in excellent agreement with those obtained in an exact analysis of the slab
waveguide models of the structures, and those observed experimentally. In practice, the
magnitude of the cross power term is dependent on both the coupling length and the actual
waveguide geometry. It has been shown to be rather large in the GaAs homojunction
etched rib waveguide, two guide couplers fabricated in this work, despite the long coupling
lengths of 10 mm in some of the devices. The precise mode shapes of a coupled structure
are therefore seen to have an important effect on the behavior of the coupler. For this
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reason it is necessary to carefully consider the geometry of any structure for which
operating characteristics are to be predicted analytically before relying on a particular
method of solution for its power transfer capabilities.
There are many possibilities for proceeding with this work. Couplers could be
Afabricated in z-cut LiNbO3 so that detuning could be applied to the guides without
destroying the symmetry of the structures. Ideal and non-ideal operation of the two guide
switch could then be demonstrated, and the accuracy of coupled mode theory for
characterizing the behavior of couplers formed by this type of waveguides could be
determined. Further testing of the waveguide lens should include an investigation of facet
damage threshholds, and integration of the lens, either on the same substrate or inside the
same cavity, as the laser array. The facet damage threshhold will be likely to place an
upper limit on the number of elements of a laser array which can be combined into a single
guide. It should be lower in the lens than in a laser array where gain is present. Integration
of the lens on the same substrate as the laser will require the development of sophisticated
fabrication techniques, and placement of the lens inside the laser cavity will be likely to
require extensive analysis and redesign of the combined structure.
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